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ABSTRACT OF DISSERTATION

OPTIMIZING NITROGEN MANAGEMENT IN WINTER WHEAT PRODUCTION
SYSTEMS FOR IMPROVED BREAD BAKING QUALITY
In Kentucky, there is growing interest among farmers to produce high protein and
strong gluten wheat that is suitable for bread baking to meet the demand of local artisanal
bakers. Soft red winter wheat (SRW) is the most commonly wheat grown in the state and
throughout the Southeastern US. Flours produced from SRW are relatively low in grain
nitrogen (N) due to the region’s moderate winters and warm humid conditions during grain
filling. As such, SRW is used in baking products where lower protein flours are preferred,
such as cookies, cakes, pastries and crackers. Unlike SRW, hard red winter wheat (HRW)
is known for high protein content and primarily used in bread baking. The objective of this
dissertation was to evaluate the effect of N management on bread baking quality and
agronomic traits in winter wheat cultivars grown in conventional and organic farming
systems.
This work was conducted through three field experiments. The first experiment
focused on the variable effects of N fertilizer level on various SRW cultivars. Five SRW
cultivars were grown using two levels of N input (high and low) in both conventional and
organic systems over two years. The second experiment evaluated the effect of split N
application on cultivars selected for their agronomic or bread baking quality potential. In
this experiment, two cultivars of SRW were grown under three split N application
treatments in both organic and conventional systems for two years. The final study
evaluated the effect of combined N fertilizer and biofertilizer N on HRW bred for the
southeastern US. One HRW cultivar was grown with three levels of fertilizer N input and
two biofertilizer application regimes in both conventional and organic systems over two
years.
In general, the first experiment showed that yields and protein content were greater
in wheat grown in the conventional system at the low N rate compared to wheat grown at
the high N rate in the same system. Similarly, in the second experiment, yields and protein
content were consistently greater than in the organic system. In the third experiment, results
were inconsistent between years. Yields were greater in the organic system in the second
year, while the protein content was greater in the conventional system in the first year.
Biofertilizer application had a negative or neutral effect on grain yield. Future research to
improve understanding of N dynamics in organic farming systems, specifically the

interaction between soil N levels and plant uptake, is needed to improve bread baking
quality in organic systems.
KEYWORDS: organic farming, biofertilizer, local food systems, late N application, enduse quality, effective microorganism, feekes stages.
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CHAPTER 1. LITERATURE REVIEW
1.1

Introduction
Wheat (Triticum aestivum L.) is one of the principal cereals grains produced and

consumed globally. It is grown on more land area than any other commercial crop and
continues to be the most important food grain source for humans (Curtis et al., 2002).
Wheat is ranked third in acreage and production, after corn and rice (USDA, 2020). The
widespread cultivation of wheat may be attributed to the fact that wheat can be cultivated
in many different types of weather, elevation, or soil. It is mostly cultivated between the
latitudes of 30°N to 60°N and 27°S to 40°S (Nuttonson, 1955), more than 3000 meters
above sea level, and in places with temperatures between 3° and 32° Celsius.
1.2

Wheat Classification and Growth Stages
Wheat, along with corn and soybean, is considered the most important field crops

in planted acreage, production, and gross farm receipts in U.S. In marketing years 2021/22,
U.S. farmers produced a total of 1.6 billion bushels of winter, durum, and other spring
wheat from a harvested area of 15.05 million hectares. The types of wheat grown vary
regionally in the US, and are classified according to the kernel hardness, color, and growing
season (Figure 1.1). Winter wheat, grown in Kentucky and in other areas with temperate
climates with relatively mild winters, is projected to increase in planted area for the
2022/23 growing season to 13.9 million hectares, up 2 percent from the previous year
(USDA, 2022) classified.

1

Figure 1.1 The six classes of wheat grown in the United States (Associates, 2013)
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In Kentucky, soft red winter wheat (SRW) (Triticum aestivum L.) is the
predominant type of wheat produced, due to its adaptation to warm and humid weather
conditions during grain fill and ripening. The acreage of SRW is about 206389.7 –
210436.5 hectares for 2020 and 2021 (USDA, 2021). Wheat is normally harvested in June
in Kentucky and fills an important niche in agronomic crop rotations for producers in the
state. It provides an important source of cash flow during the summer months (Herbek and
Lee, 2009). Further, the harvest of wheat in the early summer months allows for farmers
to utilize a “double cropping” rotation, in which soybeans are planted in mid-summer after
the wheat harvest.
Soft red winter wheat is typically a high-yielding wheat with soft endosperm, low
protein content (8.5% to 10.5%), and weak gluten. This is due to the warm humid growing
conditions during the time of grain fill that is typical of the late spring and early summer
in the southeastern US. As such, flour from SRW is used to produce cookies, cakes,
pastries, and crackers, but the protein content is typically too low for bread production.
However, as in other parts of the country (Brouwer et al., 2016), local bakers in Kentucky
have expressed interest in using bread flour from locally grown wheat (Pratt, 2020). Flour
used to produce bread typically has higher protein content (state percentages) and/or
greater gluten strength than is typical of SRW grown in the region. Some research
conducted under humid environment conditions showed that with the use of nitrogen (N)
fertilizer management such as split N application at the heading growth stage led to an
increase in grain protein content and allowed for better bread-grain quality Buenos Aires,
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Argentina (Velasco et al., 2012). Additional N management strategies to increase protein
content and strength in humid regions for this purpose have not been widely evaluated.
Despite potential benefit on end use bread baking quality traits, fertilizer N
management may be nuanced, as the ability for N fertilizer additions to overcome effects
of humid climates on protein content is unknown and likely cultivar-specific (Nasehzadeh
and Ellis, 2017). Additionally, traits predictive of bread baking quality (e.g. protein content
and sedimentation values) may be differentially affected by N input (Hussain et al., 2006;
Song et al., 2020) Applying N fertilizer in a single application at seeding may result in N
losses to the environment, excessive tillering and lodging (Beck, 2021), and may degrade
the quality of grain N composition (Wooding et al., 2000). Simply increasing N fertilizer
application rates may exacerbate these problems. Therefore, there is a need for N fertilizer
management strategies that synchronize the release of fertilizer N with crop N uptake
during growth stages to improve protein and gluten content for bread baking quality and
sustainable management of SRW production systems.
The development and growth of cereal grains have been translated into several
numeric scales to quantify development for scientific and management purposes. Industry
is now adopting these staging scales as a means of properly identifying application times
for certain products. The most commonly used scales are the Feekes (Feekes, 1941),
Zadoks (Zadoks et al., 1974) and Haun (Haun, 1973). The Feekes scale is the best known
and most widely used numerical staging scale for wheat in US (Figure 1.2). It has eleven
development stages that describe physical plant changes from the first-leaf stage through
grain ripening. Each number may be further divided by using decimals to further describe
a given stage. For example, a wheat field reaches a new growth stage when more than 50%
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of the plants are at the next stage It is known that nitrogen additions up until growth stage
Feekes 5 (end of tillering) can support yield. Nitrogen additions made at Feekes 6 (jointing)
or later will impact kernel set, size and protein (Chad Lee and James Herbek, 2009). It
should be noted from aforementioned that in order to optimize N utilization by using
splitting nitrogen application crop growth rates should be done on the stage where its most
demand for N. Thus, its recommended that late applications are performed at green up,
anthesis and heading, where N would be more efficiently recovered by a crop than earlier
applications (Recous and Machet, 1999).

5

Figure 1.2 Feekes growth stages for wheat (Knott, 2016)
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1.3

Cropping Systems
Conventionally-managed cropping systems are characterized by high-input

operations that are highly dependent upon off-farm resources and high investment capital.
These production systems are often made up of large monocultures that rely on heavy
machinery, irrigation use, high-yielding hybrid variants, synthetic fertilizers and frequent
application of pesticides (Panhwar et al., 2019). Although organic farming systems may
make use of some of these technologies and inputs (e.g. heavy machinery, irrigation,
improved varieties), it is based on a whole system approach, which results in a more
sustainable farming system is considered an environmentally friendly approach (Meemken
and Qaim, 2018). Due to this systems approach, organic farming systems may differ greatly
than conventional systems in terms of the amount and sources of fertilizers, crop protection
strategies, rotation, and how these factors are integrated.
Trends in effects of cropping system on crop yield and quality are inconsistent
across studies. For instance, Mäder et al. (2007) found no significant differences in the
nutritional value (protein content, amino acid composition and mineral and trace element
contents) and baking quality between ORG and CONV cropping systems, while others
found significant differences (Nitika et al., 2008; Ryan et al., 2004).
Increased consumer demand for organic flour is related to the perceived health
benefits of organic products (Insights, 2021). At the time of this writing, the demand for
organic wheat flour far outpaces the supply (Drugova et al., 2020), and is a major factor
restraining market growth. The shortage in supply can be mainly attributed to the low
adoption of organic farming practices as compared to conventional farming.
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Since bread making requires flour with higher protein content, organic wheat may
have lower protein content due to inadequate N supply (Annett et al., 2007; Casagrande et
al., 2009). Therefore, there is a crucial need for better understanding the variability of grain
protein content as there have been no studies on the cumulative effect of agronomic and
environmental limiting factors on wheat protein content (Casagrande et al., 2009).
1.4

Biofertilizers
The concept of utilizing biofertilizers comprised of “effective microorganisms”

(EM) in agriculture was developed by Professor Teruo Higa, University of the Ryukyus,
Okinawa, Japan (Higa, 1991; Higa and Wididana, 1991a). EM consists of mixed cultures
of beneficial and naturally-occurring microorganisms that can be applied as inoculants to
increase the microbial diversity of soils and plants. Research has shown that the inoculation
of EM cultures to the soil/plant ecosystem can improve soil quality, the growth, yield, and
quality of crops. They are capable of N fixing, phosphate solubilizing, phosphate
mobilizing, and promotion of rhizobacteria (Bhat et al., 2010). EM contains selected
species of microorganisms including predominant populations of lactic acid bacteria and
yeasts, and smaller numbers of photosynthetic bacteria, actinomycetes and other types of
organisms. All of these are mutually compatible with one another and can coexist in liquid
culture. As such, these biofertilizers have been promoted to augment, and not to replace
other management practices. They are suggested as an added dimension for optimizing our
best soil and crop management practices such as crop rotations, use of organic
amendments, conservation tillage, crop residue recycling, and biocontrol of pests. If used
properly in this context, EM-based biofertilizers can significantly enhance the beneficial
effects of these practices (Higa and Wididana, 1991b).
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Nevertheless, some constraints persisted. Biofertilizers lose their effectiveness if
the soil is too hot or dry, and excessively acidic or alkaline soils also hamper successful
growth of the beneficial microorganisms. moreover, they are less effective if the soil
contains an excess of their natural microbiological enemies.
In spite of their short shelf life and storage limitation, biofertilizers have been
increasingly adopted for their benefit as well as their reported reduced environmental
impact (Muraleedharan et al., 2010). Recent research showed that biofertilizer can
positively enhance grain yield and protein content of wheat (Namvar and Khandan, 2013).
Biofertilizer combined with an adequate application of N to the soil may slow down leaf
senescence, thus, the plant would be able to supply its seeds with N and photo assimilate
for a longer period, which results in higher protein and grain yield (Rana et al., 2012).
This dissertation was undertaken to investigate and evaluate various combinations
of management practices to optimize nitrogen and biofertilizer applications along with
cropping system management for bread baking on SRW and HRW wheats in Kentucky.
With the growing trend towards purchasing and consuming locally produced food items
from locally grown sources, it would be tremendously beneficial for both bakeries and
Kentucky’s farmers to find means to localize bread wheat production (Pratt, 2020;
Strickler.Jordan, 2022).
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ABSTRACT
Soft red winter wheat (SRW) is characterized by high yield and relatively low protein
content. In Kentucky, there is growing demand from local artisan bread bakers for
regionally produced flour, requiring production of grain with increased protein content
and/or strength. The objective of this two-year field experiment was to evaluate the effect
of nitrogen (N) management on five cultivars of winter wheat on yield and bread baking
quality traits of modern and landrace SRW cultivars (Triticum aestivum L.). All five
cultivars were evaluated using two N application rates in conventional and organic
production systems. All traits measured were significantly affected by the agricultural
production system and N rate, although plant height and other quality traits varied by study
year. Significantly higher yields were achieved in the conventional system at a relatively
low N rate (67.2 kg ha−1) in both study years (2017–2019) (p < 0.01). Results were variable
by cultivar and a locally bred, high-yielding cultivar (Pembroke 2014) had the highest
lactic acid solvent retention capacity score and thousand kernel weight of the cultivars
evaluated. In addition, a landrace cultivar (PurpleStraw) had the highest grain N and plant
height. A French soft wheat, Soissons, had the highest sedimentation value and Pembroke
2016 achieved the highest yield. The findings from this study suggest the possibility of
attaining a desirable grain with quality traits of SRW wheat that meets the needs of local
bread wheat production in Kentucky through improving the optimization of cultivar
selection, N management and specific considerations for conventional and organic
systems.
Keywords: organic agriculture; grain nitrogen; lactic acid solvent retention capacity
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2.1

Introduction
Winter wheat (Triticum aestivum L.) is the third most economically important grain

crop in Kentucky (Knopf, 2014) and is considered the fourth most valuable cash crop in
the state (Herbek et al., 2009). Soft red winter wheat (SRW) cultivars are the most
commonly grown in the state and throughout the Southeastern US due to the region’s
moderate winters and warm humid conditions during grain filling. The environmental
conditions during grain fill result in relatively low grain nitrogen (N) (Daniel and Triboı,
2002) and, historically, SRW has been used in low-protein baking applications such as
cookies, cakes, pastries and crackers. Significant effort in plant breeding and agronomic
research has facilitated SRW as a profitable and high-yielding enterprise in agronomic
rotations in Kentucky and regionally, where it is typically marketed through mainstream
grain marketing channels and utilized in the food processing industry (John, 2003). Recent
efforts in the local food movement have emphasized the opportunities for the use of
regionally produced grains, including interest from artisan bakers to use bread flour from
locally grown wheat (Hills et al., 2013). This requires increasing grain N and/or gluten
strength for regionally produced wheats to be suitable for bread baking purposes. However,
such increases in quality for niche markets have been shown to provide price premiums for
producers. For example, by increasing the content of the protein by 1.5%, farmers can get
up to 10 percent more income on their wheat (Tadesse et al., 2019).
There are a myriad of climatic, genetic, crop management and post-harvest factors
that influence traits in grain that affect baking quality (Cesevičienė et al., 2009; Hussain,
2009). Recent trends promoting wheat quality and stabilizing yield have emphasized three
factors—improved genetics, better management and adaptations to the environment—that
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significantly affect wheat yield and quality (Russell et al., 2017). However, among these
factors, management may play a greater role than genetics or environment in crop yield
and baking quality (Fischer, 2009; Rozbicki et al., 2015).
The use of appropriate N fertilizer rates is considered to be the primary means of
increasing the yield, improving N utilization and, consequently, the N harvest index
(Fageria, 2014; Kichey et al., 2007). However, the ability for N fertilizer additions to
overcome effects of humid climates on protein content is unknown and is likely cultivarspecific (Nasehzadeh and Ellis, 2017). Additionally, the quality parameters may be
differently affected by N input, as greater N application rates may degrade the quality of
gluten in grain by disturbing the proportion of the high molecular weight glutenin subunits
(Wooding et al., 2000). As such, both gluten quality and quantity are fundamental
parameters that are correlated to produce quality bread wheat (Van Bueren et al., 2011).
Conventional and organic production systems have also been shown to produce
varying effects on wheat baking quality. Work to date has shown that conventional
production may result in high yields, higher grain N, higher gluten content and greater loaf
volume than organically grown wheat. However, wheat grown in organic systems may
exhibit greater gluten strength, although at lower gluten content (Ceseviciene, 2012).
In addition to lower yields and gluten content, organic and low-input systems may
have greater site and year-to-year variability in soil N content due to the reliance on slowrelease, biologically based fertilizers and reliance on longer-term crop rotations than in
conventional managed system. Greater weed pressure in organic systems may also
contribute to this heterogeneity (Wolfe et al., 2008). As such, cultivars grown in organic
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and conventional production systems may respond differentially due to underlying nutrient
cycling processes, the nature of N fertilizer additions and other management practices.
A negative correlation between yield and grain N has been widely observed in
wheat (Baresel et al., 2008). Identifying agronomic practices that produce wheat with
acceptable bread baking quality traits will require selecting cultivars and management
practices that optimize yield and baking quality traits suitable for the artisan baking market.
As a first step in screening cultivars and management techniques for this emerging market,
this study investigates the interactions of cultivar selection and N fertilizer management on
yield and baking quality traits in conventional and organic production systems.
2.2

Materials and Methods
2.2.1

Experimental Design and Management

This study was conducted at the University of Kentucky, Horticulture Research
Farm, (37°58’28.7″ N, -84°32.04.4″ W) in Lexington, KY, USA. The soil type was
Bluegrass-Maury silt loam (fine, mixed, active, mesic oxyaquic paleudalfs, ~2.2% soil
organic matter). The experiments were carried out in the 2017–2018 (Y1) and 2018–2019
(Y2) growing seasons. Winter wheat (Triticum aestivum L.) was planted on 27 October
2017 and 24 October 2018. The experiment was a randomized complete block design with
cropping system, wheat cultivar and fertilizer N application rate as treatment factors.
Treatments were arranged within fields of each cropping system (one field conventional,
one field organic) with four replications. Fields were rotated each year to reduce carry-over
of treatment factors between years. The crop preceding the experiment in Year 1 was
pumpkin and a buckwheat (Fagopyrum esculentum) cover crop in Year 2. Plots measuring
5.5 m2 (4.6 m × 1.2 m) were planted with six crop rows.
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Three soft red winter wheat (SRW) cultivars were evaluated, including modern
cultivars selected for high yield potential, lodging resistance and good test weight
(Pembroke 2014, Pembroke 2016, Truman), one French baguette wheat (Soissons) and one
landrace selected for regional adaptation to the eastern US (PurpleStraw). PurpleStraw is
one of the earliest varieties in the United States and, specifically, in southeastern states that
is characterized by winter hardness (USDA and Cultivars, 2017). All seeds were untreated
and planted using a Hege six-row seed drill with rows spaced 18 cm apart.
Nitrogen sources were selected based on conventional and organic management
specifications. Urea (46% N) was used for all applications in the conventional (CONV)
system and a granular organic fertilizer comprised of feather meal, meat and bone meal,
blood meal and sulfate of potash (10% N, NaturaSafe 10-2-8, Darling Ingredients, Inc.
Irving, TX, USA) in the organic (ORG) system. Nitrogen rates in each system were 67.2
kg ha−1 and 112.08 kg ha−1 in the low (Low N) and high (High N) N rate treatments,
respectively. In the CONV treatments, N fertilizer applications were split in equal amounts
at Feekes 3 and Feekes 6 growth stages (Large, 1954). In the ORG treatments, 67.2 kg ha−1
was applied pre-plant in both N treatment rates and an additional 44.8 kg ha−1 was added
at Feekes stage 6 to the 112.08 kg ha−1 (High N) treatment. Nitrogen application rates
reflect only fertilizer application, as no N credits from the preceding crop residue, soil
organic matter or other N sources were included.
Weeds were controlled in the CONV treatments at Feekes 6 in early April each year
by applying a broadleaf herbicide (Harmony XP, DuPont, Wilmington, DE, USA) with a
concentration of 0.04 liter per hectare according to the application rate (Herbek et al.,
2009). Weeds were controlled in the ORG treatments by hand cultivation utilizing stirrup
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hoes and hand weeding on the same date as the herbicide application in the CONV. The
ORG field was managed following the USDA National Organic Program rules but was not
certified organic.
2.2.2

Flag Leaf Nitrogen Analysis

Plant nitrogen (N) analysis was conducted on samples of 10 flag leaves (FL) from
each plot, randomly selected at anthesis (An) and physiological maturity (PM) stages during
both study years. Samples were dried for 48 h at 60 °C. Nitrogen concentration in flag
leaves was analyzed by combustion (LECO 828 Macro Analyzer, LECO Corporation, St.
Joseph, MI, USA) at the Division of Regulatory Services at the University of Kentucky.
The change in flag leaf nitrogen (ΔFLN) was calculated from the difference of leaf nitrogen
content at anthesis (FLN(An)) and physiological maturity (FLN(PM)) stages, where
ΔFLN = FLN(An) − FLN(PM)

2.2.3

Agronomic Traits and Statistical Analysis

All growth performance and grain quality data were collected from the center four
rows of each plot. The Feekes scale was used to record growth stages, including heading
date (HD) and plant height (PH). Heading date (HD; Julian) was determined for each
cultivar in each system when more than 50% of the spikes within a plot had emerged from
the flag leaf sheath. Plant height (PH; cm) was measured from the soil surface to the top of
the spike, excluding awns. Thousand kernel weight (TKW) was used in combination with
grain yield to estimate kernel number. Yield was calculated from plot yields, adjusted to
13.5% moisture; this trait and test weight (kg h−1) were measured using a grain analysis
computer (2100b, Dickey-John, Auburn, IL, USA). The 1000 kernel weights were
measured using an electronic seed counter (ESC-1, Agriculex Inc., Guelph, ON, Canada).
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Grain quality traits included grain N, sedimentation value (SV) and lactic acid
solvent retention capacity (SRC, %). Sedimentation value was measured after the method
of Dick and Quick (1983). Grain protein and lactic acid SRC were measured from a 50 g
subsample of grain from each plot using a near infrared reflectance (NIR) analyzer (DA
7250, Perten Instrument, Hagersten, Sweden). Grain protein was converted into grain N by
dividing the protein content by 5.7.
Analysis of variance (ANOVA) was performed using a linear mixed model (PROC
GLIMMIX, SAS 9.4, SAS Institute, Cary, NC, USA). Data were analyzed as a split plot,
with cropping system by N rate treatment as the main plot factor and cultivar as the splitplot factor. Nitrogen rate, system, cultivar and all possible interactions were fixed effects
and the interaction between system, rate and replicate was a random effect, according to
the model below.

where:

𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑅𝑅𝑅𝑅𝑅𝑅𝑒𝑒𝑗𝑗 + 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑖𝑖 + 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑖𝑖 ∗ 𝑅𝑅𝑅𝑅𝑅𝑅𝑒𝑒𝑗𝑗 + 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑘𝑘 + 𝑅𝑅𝑅𝑅𝑅𝑅𝑒𝑒𝑖𝑖
∗ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑘𝑘 + 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑖𝑖 ∗ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑘𝑘 + 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑖𝑖 ∗ 𝑅𝑅𝑅𝑅𝑅𝑅𝑒𝑒𝑗𝑗
∗ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑘𝑘 + 𝜔𝜔𝑖𝑖𝑖𝑖𝑖𝑖 + 𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

Yijkl = the observation in ith system in the jth rates in the kth cultivars and lth in the rep
μ = the overall mean
System, i = 1, 2
Rate, j = 1, 2
Cultivar, k = 1, 2, 3, 4, 5
Rep, l = 1, 2, 3, 4
𝝎𝝎𝒊𝒊𝒊𝒊𝒊𝒊 = main plot random effect
𝜺𝜺𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊 = residual error

Mean comparison analysis for main effect and interaction were calculated using

Tukey’s test (HSD) at the 0.05 level. The study was analyzed separately by year to account
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for differences between crop rotation and year-to-year variation in weather conditions.
ANOVA tables for plant physiological, agronomic and baking quality traits are presented
in Appendix 1 (A &B).
2.3

Results
2.3.1

Plant Height

In Y1, plants in the CONV treatments were 6.25% taller than in the ORG (Table
2.1), when averaged across cultivars and N rates. This trend was repeated in Y2, although
the effect was modified by the system interaction with N rate (p = 0.0366). Plants in the
CONV system grown with the High N rate were taller by 3.2% than conventionally grown
plants grown at the lower N rate. There was no difference in plant height between N rates
within the ORG treatments and plants were shorter than in the CONV treatments (Table
2.2).
In Y2, all cultivars were significantly taller when grown in the CONV system
compared to the ORG system (Figure 2.1a). In Y1, PurpleStraw was significantly taller
than other cultivars, irrespective of N rate. Within cultivars, plant height did not vary
significantly by N rate (Figure 2.1b).
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Table 2.1 Main effect for plant height (cm), 1000 kernel weight (TKW, g), yield (kg ha-1), grain nitrogen (Grain N, %) and lactic acid
(SRC, %). (Same letters within each column and main effect are not significantly different based on Tukey’s honest significant difference
(HSD) test performed at α = 0.05
Main Effect
Plant Height (cm)
TKW (g)
Yield (kg h-1)
Grain N (%)
SRC (%)
Year
System

Rate

Cultivar

2018

2019

2018

2019

2018

2019

2018

2019

2018

2019

CONV

88.87 a

103.5 a 34.47 b 34.86 b 5012.01 a 5296.02 a 2.09 a

1.81 a

91.06 b

98.2 a

ORG

83.64 b

97.23 b 36.28 a 36.22 a

1.75 b

99.99 a

98.3 a

p-value

0.0002

<0.0001 <0.0002 0.0096

0.0340

<0.0001

0.9636

Low N

85.09

High N

87.1

p-value

0.0615

PurpleStraw

111.35 a

Truman

99.5 b

4717.6 a 4364.59 b 1.81 b
0.1095

<0.0001 <0.0001

35.4 a 35.5 a

4857.8 a 5218.01 a 1.89 b

1.04 a

97.85 a

98.7 a

101.21 a 35.3 a 35.5 a

4871.8 a 4442.61 b 2.02 a

1.2 a

93.19 b

97.8 a

0.1148

0.0011

0.1907

135.1 a 37.02 b 37.32 b 4529.64 bc 2889.78 d 2.02 a

2.01 a

94.52 bc

97.87 b

90.65 b

103.35 b 31.24 d 31.62 d 5110.59 ab 5539.47 b 1.88 b

1.67 d

98.27 ab

97.74 b

Pembroke 2016

77.39 c

85.57 d 36.93 b 36.38 b

5606.3 a 6147.42 a 1.93 b

1.73 bc

91.79 c

94.21 c

Pembroke 2014

90.65 c

88.59 c 38.38 a 38.88 a 5214.19 ab 5300.06 b 1.89 b

1.72 cd

98.59 a

103.06 a

Soissons

74.29 c

89.23 c 33.29 c 33.51 c 3863.38 c 4275.82 c 2.01 a

1.77 b

94.44 bc

98.58 b

p-value

<0.0001

<0.0001 <0.0001 <0.0001 <0.0001

<0.0001

<0.0001

0.0259

0.8545 0.8809
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0.9387

0.0001

<0.0001

<0.0001 <0.0001 <0.0001

Table 2.2 Plant height (cm), 1000 kernel weight (TKW, g) and sedimentation value (SV,
mL) as affected by system and fertilizer N rate. (Same letters within each column are not
significantly different based on Tukey’s honest significant difference (HSD) test performed
at α = 0.05).
System

Rate

CONV

Plant Height (cm) Mean TKW (g)

Mean SV (mL)

Y2

Y1

Y2

High N

105.1 a

33.59 c

7.3 a

CONV

Low N

101.8 b

35.34 b

5.64 b

ORG

High N

79.3 c

37.09 a

6.2 b

ORG

Low N

79.1 c

35.47 b

6.1 b
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(a)

(b)

Figure 2.1 Plant height of soft red winter wheat cultivars as affected by production
system in Y2 (a) (p < 0.0001) and by fertilizer nitrogen rate in Y1 (b) (p = 0.0327). Bars
with the same letters within each figure are not significantly different based on Tukey’s
honest significant difference (HSD) test performed at α = 0.05.
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2.3.2

Yield Traits

In Y1, Pembroke 2016 in the CONV system had a significantly greater yield than
PurpleStraw and Soissons, while no statistical difference was observed among Pembroke
2016, Pembroke 2014 and Truman (Figure 2.2). Within the ORG system, yield did not vary
among cultivars. When averaged across all other factors, Pembroke 2016 had the greatest
yield in both years (Table 2.1).

22

CONV

Cultivar

abc

Truman

cd

Soisson

Purplestraw

Pembroke 2016

Truman

d

bcd abc bcd

Pembroke 2014

abc

Soisson

bcd

Purplestraw

Pembroke 2016

ab a

Pembroke 2014

Yield (kg ha-1)

7000
6000
5000
4000
3000
2000
1000
0

ORG

Figure 2.2 Soft red winter wheat yield (kg ha−1) as affected by system and cultivar in Y1
(p = 0.016). Bars with the same letters are not significantly different based on Tukey’s
honest significant difference (HSD) test performed at α = 0.05.
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In Y1, yield did not vary significantly by system (Table 2.1). Although yield did
vary by N rate within production system (p = 0.018), yield did not differ between the High
N treatments between systems (Table 2.3). The Low N ORG treatment had the lowest yield,
although it did not differ significantly from the High N treatments in the CONV and ORG
systems. In Y2, the Low N CONV treatment had greater yield than any other treatment
combination (p = 0.0029).
In Y1, the High N ORG treatments had the greatest TKW (37.09 g) (Table 2.2).
However, the High N CONV treatment had the lowest TKW (33.59 g). In Y2, TKW was
3.0% greater in the ORG system than that in the CONV system (Table 2.1).
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Table 2.3 The effect of production system and fertilizer N rate on grain yield and N content
in both study years. (Same letters within each column are not significantly different based
on Tukey’s honest significant difference (HSD) test performed at α = 0.05).
Yield (kg ha−1)
Grain N (%)
System
Rate
Y1
Y2
Y1
Y2
CONV

High N

4722.63 ab

4643.70 b

2.13 a

1.88 a

CONV

Low N

5301.39 a

5948.30 a

2.05 b

1.74 b

ORG

High N

5021.01 ab

4241.50 b

1.91 c

1.72 b

ORG

Low N

4414.25 b

4488.30 b

1.70 d

1.78 ab
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2.3.3

Flag Leaf Nitrogen Analysis

Fertilizer (N) rate had a significant effect on flag leaf nitrogen (FLN) content at
both sample dates (anthesis and physiological maturity) in both years. In the CONV
system, Truman had the greatest FLN mean within and across systems (Table 2.4), while
other cultivars grown in the CONV system did not differ from each other. In the ORG
system, Truman had significantly greater FLN than Pembroke 2016 and PurpleStraw but
did not differ from Pembroke 2014 and Soissons. System × rate × cultivar interactions were
significant in Y1 at the anthesis sampling date (p = 0.0380). When grown in the CONV
system at the High N rate, Truman had greater FLN than most other treatment
combinations, except for Pembroke 2016 grown at the High N rate in the CONV system
and Truman grown at a low N rate in the CONV system (Table 2.5). Additionally,
differences in FLN were not observed by N rate in any cultivar or system, except for
PurpleStraw grown in the CONV system.
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Table 2.4 Flag leaf nitrogen (FLN) content as affected by cultivar and production system
at anthesis (first sampling date) in Y1 (p = 0.0166).
FLN%
Cultivar
System

PurpleStraw Truman

Pembroke 2016 Pembroke 2014 Soissons

CONV

2.3093 bc

2.9255 a

2.4939 b

2.2786 bc

2.1634 bc

ORG

1.3846 e

1.9348 cd

1.5349 e

1.6152 de

1.5909 de
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Table 2.5 Flag leaf nitrogen (FLN) by cultivar, as affected by system and rate at anthesis
(first sampling date) in Y1 (p = 0.038). (Same letters within each column are not
significantly different based on Tukey’s honest significant difference (HSD) test performed
at α = 0.05).
FLN%
Cultivar
System

Rate

CONV

PurpleStraw

Truman Pembroke 2016 Pembroke 2014

High N

2.6488 abcd

3.0550 a

2.7103 abc

2.2998 bcde

2.2793 bcde

CONV

Low N

1.9698 efg

2.7960 ab

2.2775 bcde

2.2575 bcde

2.0475 def

ORG

High N

1.4685 fgh

2.1012 cde

1.6828 efgh

1.8472 efgh

1.7650 efgh

ORG

Low N

1.3007 h

1.7683 efgh

1.3870 gh

1.3832 gh

1.4167 fgh
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Soissons

Rate by system interactions also had a significant effect on FLN at both sampling
dates in Y2. The High N CONV treatment had greater FLN than the Low N CONV
treatment, but neither rate differed from the ORG treatments irrespective of N rate on the
anthesis sampling date (Table 2.6). By the second date at physiological maturity, the High
N CONV treatment had greater FLN than other treatment combinations.
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Table 2.6 Flag leaf nitrogen (FLN) content in each production system as affected by rate
during anthesis (AN) and physiological maturity (PM) sampling points in Y2 (p = 0.0064).
(Same letters within each column are not significantly different based on Tukey’s honest
significant difference (HSD) test performed at α = 0.05).
FLN (%)
System
Rate
AN
PM
CONV

High N

2.8488 a

11.2309 a

CONV

Low N

2.3558 b

8.8384 b

ORG

High N

2.5777 ab

8.3375 b

ORG

Low N

2.6653 ab

8.4619 b
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Change in flag leaf nitrogen (ΔFLN) varied significantly by system in both years
and by cultivar in Y1 (Table 2.7). In both study years, ΔFLN was greater in the ORG
system than in the CONV system. The Truman cultivar had greater ΔFLN than all other
cultivars, which did not differ significantly (Table 2.7).
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Table 2.7 Flag leaf nitrogen (FLN, %) at anthesis (AN) and physiological maturity (PM), change in flag leaf nitrogen (Δ FLN, %) and
sedimentation value (SV, mL). (Same letters within each column and main effect are not significantly different based on Tukey’s honest
significant difference (HSD) test performed at α = 0.05).
FLN (%)
ΔFLN (%)
SV(mL)
Main Effect
Mean
Mean
Mean
Year

2018

2019

2018

2019

2018

2019

1.6056 a

0.47 b

0.99 b

7.86 a

6.4 a

2.6215 a

1.3440 b

0.66 a

1.27 a

6.58 b

6.1 a

<0.0001

0.8308

0.0030

0.0313

0.0137

0.0002

0.0640

1.8604 b

1.2551 b

2.5105 b

1.3840 b

0.6054 a

1.1265 a

7.00 a

5.87 b

High N

2.1858 a

1.6492 a

2.7133 a

1.5655 a

0.5366 a

1.1478 a

7.4 a

6.75 a

p-value

0.0009

<0.0001

0.0399

0.0244

0.3869

0.8306

0.0874

0.0001

PurpleStraw

1.8469 b

1.5164 ab

2.6733 a

1.4103 a

0.33 b

1.2630 a

8.68 a

6.55 b

Truman

2.4301 a

1.5679 a

2.7904 a

1.4086 a

0.86 a

1.3818 a

5.81 c

4.48 c

Pembroke 2016

2.0144 b

1.4878 ab

2.5148 a

1.4866 a

0.52 b

1.0282 a

4.75 d

5.13 c

Pembroke 2014

1.9469 b

1.3859 ab

2.4987 a

1.5424 a

0.56 b

0.9563 a

7.51 b

6.38 b

Soissons

1.8771 b

1.3026 b

2.5824 a

1.5259 a

1.0565 a

9.43 a

9.02 a

p-value

<0.0001

0.0279

0.2389

0.2389

0.57 b
<0.0001

0.1037

<0.0001

<0.0001

AN

PM

AN

PM

CONV

2.4341 a

1.9565 a

2.6023 a

ORG

1.6121 b

0.9477 b

p-value

<0.0001

Low N
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2.3.4

Baking Quality Traits

In Y1, the PurpleStraw and Soissons cultivars grown in the CONV system had the
greatest mean grain N content (Figure 2.3a). In Y2, PurpleStraw exceeded all other
cultivars in grain N and gave the highest mean (2.01) (Table 2.1). In addition, Grain N in
the High N treatment was numerically greater in all cultivars in Y1, although only
significantly greater in the Pembroke 2014, Pembroke 2016 and Truman cultivars (Figure
2.3b).
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(a)

(b)

Figure 2.3 Grain N for study cultivars, as affected by system (a) and N rate (b) in Y1.
Bars with the same letters within each figure are not significantly different based on
Tukey’s honest significant difference (HSD) test performed at α = 0.05.
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The High N CONV treatments had significantly greater grain N% than any other
system by N treatment combination for both years of study, although mean grain N% did
not differ significantly from the Low N ORG treatments in Y2 (Table 2.3).
Cultivar had a significant effect in each year for predicted lactic SRC and SV.
Although these main effects were modified in each year by various interactions for those
two traits. Gluten strength, as measured by lactic acid SRC, was generally greater in Y1 in
organically grown cultivars, although means did not significantly differ between the
CONV and ORG systems in the PurpleStraw and Soissons cultivars. Pembroke 2014 had
the greatest mean SRC (104.9%) but was not significantly different from Truman grown
in the ORG system (Figure 2.4a). In Y2, Pembroke 2014 also had the highest SRC
(103.06%), while the lowest value was for Pembroke 2016 (94.21%, Table 2.1). SRC
values were greater in the Low N treatments by 5%, on average (Table 2.1). In Y2, SRC
was affected by the system interaction with N rate. The Low N CONV treatment had a
greater SRC than High N CONV treatment.
Treatments in the ORG system did not differ significantly from neither CONV N
rate treatment, nor from one another (Figure 2.4b). However, in Y2, system by cultivar by
rate interactions were significant for lactic acid SRC results (Figure 2.4c). Pembroke 2014
grown in the High N ORG treatment resulted in the highest SRC values, though it did not
significantly differ from other Pembroke 2014 treatments, Low N CONV (Truman and
Soissons) and High N CONV PurpleStraw. Pembroke 2016 grown in the High N CONV
treatment gave the lowest SRC values, though they did not significantly differ from several

35

cultivars grown in the Low N ORG treatment (Truman, PurpleStraw and Pembroke 2016), nor
Pembroke grown in the High N ORG treatment or Truman grown in the High N CONV
treatment.
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(a)

(b)

(c)
Figure 2.4 Gluten strength as measured by lactic acid solvent retention capacity (SRC) as
affected by production system by cultivar in Y1(a), system by N fertilization rate in Y2
(b) and system by N fertilization rate by cultivar in Y2 (c). Bars with the same letters
within each figure are not significantly different based on Tukey’s honest significant
difference (HSD) test performed at α = 0.05.

37

The sedimentation value (SV) was 19.4% greater in the CONV system than in the
ORG system in Y1. Soissons had greater mean SV than other cultivars in both years,
although means were not significantly different from PurpleStraw in Y1 (Table 2.7).
Furthermore, CONV with High N had greater SV within and/or between systems in Y2
(Table 2.2). In the same year, when cultivars averaged across systems (Figure 2.5), there
was no differences in SV in cultivars, regardless of what system they were grown in.
Constantly, Soissons had the highest SV and Truman had the least, though, Truman did not
significantly differ from Pembroke 2016 in either system, which, in turn, did not differ than
PurpleStraw in CONV system and Pembroke 2014 in the ORG system. PurpleStraw and
Pembroke 2014 followed Soissons in SV irrespective of production system.
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Figure 2.5 Sedimentation value (SV, mL) as affected by system and cultivar interaction in
Y2 (p = 0.034). Bars with the same letters within each figure are not significantly
different based on Tukey’s honest significant difference (HSD) test performed at α =
0.05.
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2.4

Discussion
2.4.1

Agronomic Traits

In both study years, plant heights were significantly greater in the CONV treatments
(Table 2.1), though, in Year 2, this effect was modified by cultivar and N rate interactions
(Table 2.2). Conventionally managed systems are often characterized by use of highyielding dwarf (HYD) cultivars and use of plant-available fertilizers. Not surprisingly, the
HYD cultivars, which were bred, in part, to resist lodging under high N availability
conditions, were significantly shorter than the landrace cultivar (PurpleStraw). This trend
was further pronounced at the High N rate. These results are consistent with other works
comparing N fertilizer response in organic and conventional systems, which demonstrate
greater plant height with use of mineral fertilizers compared to organic or biological
fertilizers (e.g., manures) and with increasing N rate (Rossini et al., 2018). When averaged
across systems, plant height varied by cultivar but did not vary between N rates within
cultivars (Figure 2.1b). This may suggest that innate traits such as plant height may be more
dependent upon genetic factors than management when N is not limited (Mahjourimajd et
al., 2016).
2.4.2

Yield Traits

In this study, the greatest yield was observed in the CONV system in the Low N
treatment (Table 2.3). Lodging was not widely observed; thus, likely, it did not contribute
to yield decrease with the High N treatments. However, a number of other factors may have
contributed to greater yield with lower N application. Recent history of cover crop use in
the study fields may have contributed additional N throughout the growing season and may
have contributed to increased availability of soil N that was suitable for achieving high yield
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in the Low CONV treatment. In contrast, greater N input in the High N CONV treatment may
have led to differences in N partitioning, in which the plant biomass may have reached
maximum N concentration and additional partitioning to grain N, rather than overall yield. This
phenomenon was observed in N rate application work by Yue et al. (2012), in which a higher
input treatment resulted in lower winter wheat yield than a low input system.
The greatest yields were consistently observed in high-yield-potential cultivars,
including Pembroke 2016 (Figure 2, Table 2.1), which has demonstrated consistently high
yield potential, test weight and lodging resistance in previous cultivar trials in the region
(Van Sanford et al., 2018). Yield differences within each cultivar did not vary based on
which system they were grown in (CONV or ORG). However, in Y1, cultivars did
demonstrate yield differences within the CONV system, while no yield differences were
observed between cultivars in the ORG system (Figure 2.2). As weed pressure was nearly
identical in each system, it is likely yield differences between cultivars grown in the CONV
and ORG systems can be attributed to lower soil N availability in the ORG system. These
results are consistent with those of by Przystalski et al. (2008), who found yields were 33%
lower in organic cropping systems than in conventional cropping system, when comparing
winter wheat production systems in France, Switzerland and the United Kingdom.
Similarly, Mäder et al. (2007) attributed an average of 14% yield reduction in organic
systems to a 71% reduction in soluble N input in organic systems in a long-term
agroecosystem study.
Although yields were lower in the ORG system, TKW was significantly greater in
the ORG system in the High N treatment in Y1 (Table 2.2). This may be due to N
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partitioning in the ORG system, which had fewer kernels per spike, likely due to limited N
availability.
2.4.3

Flag Leaf Nitrogen Analysis

The flag leaf is considered to be the principal contributor to wheat grain nitrogen
due to its large protein content (Millard and Grelet, 2010). The cultivar had a consistent
main effect on flag leaf nitrogen (FLN). Truman had greater FLN content in Y1 when
grown in either CONV and ORG systems (though it did not differ from Pembroke 2014 or
Soissons) (Table 2.4). Truman also exhibited greater ΔFLN than other cultivars in Y1
(Table 2.7). This may be attributed to Truman being a late maturing cultivar (McKendry et
al., 2005), resulting in higher flag leaf N content at anthesis. It may also be due to
underlying differences in genetic background in this high-yielding, modern cultivar.
The fertilizer rate had limited effect on FLN in the ORG system, which did not
differ from FLN levels in the CONV at the Low N rate in Y2. FLN was greater in the CONV
system at the High N rate (Table 2.6). The lack of difference in the ORG treatments may be
attributed to the slow-release nature of organic fertilizer. Mineralization of this biologicallybased fertilizer is a function of soil microbial activity, which can be limited by low
temperatures in the early growing season but may be extended as soils warm during anthesis
stages (Rayne and Aula, 2020).
The ORG system demonstrated greater ΔFLN than the CONV system in both years of
study (Table 2.7). This may be a response to limited soil N availability and plant uptake during
the grain-filling period in the ORG system, increasing remobilization of stored N to supply
grain maturation. The CONV system may have experienced higher levels of soil N availability
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due to the use of mineral fertilizers, which resulted in less nitrogen remobilization (Barbottin
et al., 2005).
2.4.4

Baking Quality Traits

In general, protein content was greater in the High N treatments in each production
system each year, except for in the ORG system in Y2 (Table 2.3). Similar to yield, wheat
grain nitrogen has been shown to be dependent on the amount of soil mineral N available
during plant growth and favorable growing conditions (Abedi et al., 2011; B. Belderok,
2000; Gauer et al., 1992; López-Bellido et al., 2001).
In addition, grain N varied between the CONV and ORG systems, as the same
cultivars produced significantly different grain N when grown in different production
systems. Grain from every cultivar used in this study had greater grain N content when
grown in the CONV system (Figure 2.3a). Further, grain N content did not differ by cultivar
in the ORG system, potentially indicating that soil N availability was limited at critical
growth periods and cultivars did not have sufficient available N to express cultivar
variability in N content as seen in the CONV system. These results are congruent with the
findings of Le Campion et al. (2014a), who reported cultivars grown in an organically
managed system had reduced protein content from 10 to 22%, as compared to
conventionally-grown cultivars.
When averaged across production systems and N rates, the landrace cultivar
(PurpleStraw) showed comparatively higher grain N than modern cultivars (Table 2.1).
These results may be attributed to the genetic background, as well as timing and site N
availability.
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In addition to grain N content, gluten strength is a key attribute in evaluating bread
baking quality. Lactic acid SRC and sedimentation value are two measures that predict gluten
strength. It is commonly known that these two measurements are correlated (Xiao et al., 2006),
however, the results from this study are inconsistent between these two traits. Similar findings
were reported by Duyvejonck, A.E., et al. (2012), who found that no significant linear relation
was observed between the SRC and SV when they studied the predictive value of the SRC
tests for the cookie and bread-making quality of nineteen European commercial wheat flours.
Lactic acid SRC values below 85% are considered “weak” gluten soft varieties,
whereas values ranging from 105 to 110% are considered “strong” gluten soft varieties
(USDA, 2017). Pembroke 2014 grown in ORG treatments in Y1 averaged 104.9% SRC,
which indicated a strong gluten trait for this cultivar (Figure 2.4a). Conversely, Pembroke
2016 grown in CONV treatments for the same year averaged 85.5% SRC, which indicated
a weak gluten trait. We attributed this increase to the genetic background of this cultivar.
Van Sanford et al. (2016) reported that Pembroke 2014 produced greater lactic acid SRC
than the average values of 13 other cultivars and breeding lines. Unlike to lactic acid SRC,
the SV values were greatest in the land race and bread wheat cultivars (PurpleStraw and
Soissons, respectively) (Table 2.7).
In Y2, Lactic acid SRC content did not differ between the N rate within the ORG
treatments, nor did the ORG treatments vary from the CONV N rate treatments (Figure
2.4b). However, predicted lactic acid SRC content was significantly higher in the Low N
CONV treatment than that in the High N CONV treatment. Several factors could be
involved, such as better response to N level availability during production season and the
favorable environmental conditions.
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In contrast to the lactic acid SRC values, SV was greater in the CONV system in
both study years (Tables 2.2 and 2.7). In the CONV system in Y2, the SV in the High N
treatment exceeded all the other treatments. This may be due to the increase in grain N that
recorded with the High N CONV treatments in the first year, because of its positive
correlation. Ottman et al. (2000) obtained increases in grain N, SV and wet gluten content
with increasing N fertilizer rates and when using fertilizers with high N availability.
Although their work utilized foliar nutrient applications, this indicates increasing N
availability can be shown to increase both grain N and gluten strength. Similarly, Veselinka
(2004) reported greater SV and protein values in a high N treatment than those in a low N
treatment (120 kg ha−1 and 90 kg ha−1, respectively).
The three-way interaction in lactic acid SRC in Y2 (Figure 2.4c) did not indicate
strong differences among treatments means, although, numerically, Pembroke 2014 had a
greater SRC value (106.12%). This demonstrates that cultivar played a key role in this
interaction, rather than rate or system.
2.5

Conclusions
Nitrogen rate by production system interactions consistently influenced winter

wheat yield. When averaged across cultivars, greater yields were observed in the CONV
in crops grown with the Low N treatment. These results may indicate that reduced N rates
combined with a conventional system may achieve adequate yield and avoid excessive N
fertilizer usage. However, grain N—an important trait for bread baking quality—was
increased, with the CONV High N treatment producing the highest grain N content in both
years of the study. However, generalizable trends were not observed in this work, as the
majority of other observed agronomic and grain quality traits varied by year, with
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inconsistent treatment interactions. Several consistent main effects were observed,
including that cultivar had a constant and distinctive response across both study years. For
example, PurpleStraw had a higher plant height and grain N, due to its genetic
characteristic as a landrace cultivar that may be adapted to lower soil N conditions.
Pembroke 2014 had consistently greater lactic acid SRC and TKW, indicating greater
potential gluten strength that may allow for the cultivar to be utilized on its own or in
combination with a hard wheat for bread production. Similarly, Soissons, a modern soft
bread wheat cultivar, had greater sedimentation value in both years of study, indicating
that, despite relatively low protein content, it may make suitable bread. This work indicates
that the addition of N applications, in combination with responsive cultivars, may allow
for production of SRW suitable for bread baking. However, additional work is needed to
optimize organic production systems and achieve consistent outcomes. Specifically,
additional research to improve understanding of the interactions between soil N availability
and plant response by cultivar and N management regime would inform improved
production in organic farming systems. Additionally, research conducted in the context of
region-specific crop rotations and that includes an economic analysis of the impacts and
potential opportunities of production for local, artisan baking markets for both organic and
conventional production systems is needed.
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ABSTRACT
There is growing interest among farmers to locally produce high protein and strong gluten
wheat that is suitable for bread making and meet the demand of local artisanal bakers in
Kentucky. The warm and humid weather in southeast region is ideal for soft red winter
wheat (SRW) production which characterized by low protein content. The technique of
splitting nitrogen (N) fertilization according to the growth stages has been suggested to
improve protein content and its composition. This study evaluated the effect of split N
application on yield and baking quality traits of two SRW wheat cultivars grown in the
eastern U.S. region in conventional and organic cropping systems. One landrace
(PurpleStraw) and one modern cultivar (Pembroke 2014 ) were grown under three split N
application treatments (ST1, ST2 and ST3). Late N applications (ST3) significantly
increased protein content for both years by 5.45% and 6.11% respectively compared to a
single application; however, this treatment decreased yield. Cropping system had
consistent effects in that conventional system exceeded organic system except for thousand
kernel weight. Conventional system had greater yield by 16.11% and 20.17% respectively
for both years than organic system. Similarly, sedimentation value (a baking quality trait)
was greater by 14.27% and 11.12% respectively in conventional than organic system. This
study has generally found improvement in protein content by N application on soft red
winter wheat. In addition, more studies should be done in organic system to examine other
baking quality traits.

Keywords: late nitrogen application; cultivars; feekes scale; production system
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3.1

Introduction
Wheat (Triticum aestivum L.) is a major part of the world's diet and is a major

source of energy, protein, vitamins and other beneficial compounds (Hawkesford et al.,
2013; Shewry, 2009). Soft red winter wheat (SRW) is characterized by high grain yield
with relatively low protein content, which makes it an important source of grain used in
baking products such as cookies, pastries, and cakes, but typically not bread.
Environmental conditions exert a large effect on end-use baking quality traits. SRW is
commonly grown in the southeastern region of the United States, which is known for its
warm, humid weather during the summer months (Herbek and Lee, 2009). This kind of
weather is not suitable for producing high protein bread wheat.
Adoption of effective nitrogen (N) fertilizer management practices such as split
fertilizer N applications is a strategy of dividing total N application into two or more
treatments. It is one of the methods that can help growers enhance N use, promote optimum
yields and mitigate the loss of nutrients through leaching, denitrification, runoff and
volatilization (Gehl et al., 2005). Timing of N applications has also been shown to influence
protein concentration when applied at late growth stage (heading or anthesis) (Blandino,
2015; Wieser and Seilmeier, 1998).
Limited research has been conducted in many parts of the world on the effect of
split N application for wheat and its relationship with grain yield and quality traits (Otteson
et al., 2007). Furthermore, this practice has not been examined in the southeastern US as a
strategy for positively influencing desired end-use traits. At the same time, there is a
growing demand in the region to produce wheat grain with increased protein content and/or
strength for local, artisan bread baking markets (Knopf, 2014). As protein content in wheats
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grown for bread have been shown to be significantly related to N management and
availability (Gooding et al., 1999), additional work to identify how N management in
various production systems to achieve desired end-use trait goals is needed.
Specifically, split N application also affects the quality of wheat flour because
delayed N applications mainly benefit protein build-up over starch in grain and extend the
duration of grain filling (Sowers et al., 1994). However, the impact of split N on wheat
quality has varied between studies (Fuertes-Mendizábal et al., 2010; Garrido-Lestache et
al., 2004; Schulz et al., 2015). The positive effects of N splitting can be mainly attributed
to the alteration in grain protein content, which results in an improvement of the baking
quality of wheat flour gliadins and glutenin as well as certain high molecular weights of
glutenin subunits (HMW-GS), which lead to an improved baking quality of wheat flour.
Therefore, N splitting is more efficient than late N application in improving wheat quality,
and it has the potential to reduce N fertilization rates in wheat production systems (Xue et
al., 2016).
Further, it has been previously shown that conventional and organic cropping
system have varying effects on yield and end-use quality traits (Bilsborrow et al., 2013;
Cox et al., 2019). Specifically, previous studies have shown that wheat grown in
conventional production systems may result in higher yields, higher gluten content, and
greater loaf volume than wheat grown in organic systems. Conversely, wheat grown in
organic systems may have lower gluten content, but higher gluten strength (Fageria, 2014).
The objectives of this study were: (1) to investigate the effect of cropping systems
(conventional) and (organic) on growth, yield, and baking quality traits of soft red winter
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wheat and (2) the response of selected landrace and modern cultivars to different N splitting
and timing treatments in these two cropping systems.
3.2

Materials and Methods
This study was conducted at the University of Kentucky Horticulture Research

Farm, (37o 9'74.6.34''N, 84o 53.45.52’’W) in Lexington, KY, USA) during two growing
seasons (2018- 2019, 2019-2020). The soil type is a Bluegrass-Maury silt loam (Fine,
mixed, active, mesic oxyaquic paleudalfs). Winter wheat (Triticum aestivum L.) was
planted on 24 October 2018 and 25 October 2019. The experiment was a randomized
complete block design with cropping system, wheat cultivar and split timing N application
as treatment factors. Treatments were arranged within fields of each cropping system (one
field conventional, one field organic) with four replications. Fields were rotated each year
to reduce carry-over of treatment factors between years. Six row plots measuring 5.5m2
(4.6m x 1.2m) were used for the study.
Two SRW cultivars were evaluated: one modern cultivar selected for high yield
potential and lodging resistance and good test weight (Pembroke 2014) and one landrace
selected for regional and historical adaptation to Kentucky (PurpleStraw). PurpleStraw was
one of the earliest SRW varieties grown in the United States and was used regionally in
southeastern states due to winter hardiness and wide adaptability (USDA and Cultivars,
2017). In addition, it is known for being low-gluten, high-protein and with a flavor that
includes floral overtones.
Nitrogen sources were selected based on conventional and organic management
specifications. Urea (46% N) was used for all applications in the conventional system
(CONV) and a granular organic fertilizer (10% N, NatureSafe 10-2-8, Darling Ingredients,
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Inc. Irving, TX) was used in the organic system (ORG). In each system, N applications
consisted of three timing treatments, where N was added in one, two or three applications
(ST1, ST2, ST3, respectively). Total N application for all treatments was 112.08 kg/ha,
divided evenly between any split N treatments. Treatments were applied according to
growth stage and common application timing for each production system (CONV or ORG)
(Figure 3.1). The first application for the ORG system was prior to planting, which is
customary for ORG production in the region, due to the relatively slow-release of nutrients
from the manure-based fertilizer. The first application of fertilizer in the CONV was at
Feekes stage 3 in the spring, due to the readily available nature of the CONV mineral
fertilizer (also customary practice in the study region).
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Figure 3.1 Split nitrogen application treatments based on wheat growth stages.
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Weeds were monitored by weekly scouting and managed according to standard
practice for each system. Weeds were not above the economic threshold in the CONV plots
in either year, so no herbicide was applied. In the ORG plots, however, weeds were
controlled using hand cultivation at Feekes growth stage 6, in early April of each year. The
ORG field was managed following the USDA National Organic Program rules (USDA,
2000) but was not certified organic.
3.2.1

Agronomic Traits and Statistical Analysis

All growth performance and grain quality data were collected from the center four
rows of each plot. Growth traits recorded included growth stage (Feekes scale), heading
date (HD; Julian), and plant height (PH; cm). The HD was determined for each plot when
more than 50% of the spikes within a plot had emerged from the flag leaf sheath. Plant
height was measured from the soil surface to the spike's top, excluding awns. Yield
components included total plot yield and thousand kernel weight (TKW). The yield was
calculated from post-harvest plot yields after adjusting for moisture and test weight using
a GAC 2100b grain analysis computer (Dickey-John, Auburn, IL). The thousand kernel
weights were measured using an ESC-1 seed counter (Agriculex Inc., Ontario, Canada).
Grain quality traits included sedimentation value (SV, mL), protein content (%),
and predicted lactic acid (%). Sedimentation value was measured after the method of Dick
and Quick (1983). Protein content and the predicated lactic acid were measured from a 50g
subsample of grain from each plot using near-infrared reflectance (NIR) (DA 7250, Perten
Instrument, Hagersten, Sweden).
Analysis of variance (ANOVA) was performed using a linear mixed model (PROC
GLIMMIX, SAS 9.4, SAS Institute, Cary, NC, USA). Data were analyzed as a split plot,
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with cropping system by split N application as the main plot factor and cultivars as the
split-plot factor. Split N application, cultivars, system, and all possible interactions were
fixed effects and the interaction between system, split N application and replicate was a
random effect. Mean comparison analysis for main effects and interactions were calculated
using Tukey’s test (HSD) at the 0.05 level.
3.3

Results
3.3.1

Agronomic Traits
3.3.1.1 Plant height

Averaged across cultivar and split N timing treatments, plants were taller in the
CONV compared to ORG cropping system in both years (3.5% in Y1 and 3.7% Y2) (Table
3.1). PurpleStraw was significantly taller than Pembroke 2014 by 54.2% and 59.1% in Y1
and Y2, respectively (Table 3.1). Plant height was not affected by the split timing of N
treatments (Table 3.1).
Plant height varied in the modern cultivar (Pembroke 2014), depending upon the
system it was grown in, and was consistently shorter when grown in the ORG system
(Table 3.2).
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Table 3.1 Main effect for plant height (cm), thousand kernel weight (TKW, g), yield (kg ha-1), protein content (%), lactic acid (SRC,
%) and sedimentation value (SV, mL). Means with the same letters within each column and main effect are not significantly different
based on Tukey’s Honest Significant Difference (HSD) test performed at α≤0.05.
Main effect

Plant height

TKW

Yield

Protein content

SRC

SV

Mean
Mean
Mean
Mean
Mean
Mean
Year
2019
2020
2019 2020
2019
2020
2019
2020
2019
2020
2019 2020
CONV
115.15a 107.39a 36.98b 40.44 3457.64a 3055.22a 11.0a
12.76a
98.15 110.11a 7.05a 9.30a
System
ORG
111.20b 103.58b 38.90a 39.83 2941.96b 2495.35b 10.64b 11.24b
98.77 105.83b 6.11b 8.32b
PurpleStraw 137.30a 129.54a 37.69 40.38 2118.36b 2693.32 11.64a 12.13a 96.83b 108.06 6.68 9.86a
Cultivar Pembroke
89.04b 81.42b 38.18 39.88 4281.24a 2857.24
9.99b
11.87b 100.46a 107.89 6.48 7.76b
2014
ST1
113.24 105.62 37.63 39.83 3295.39 2679.45 10.53b 11.57b
98.51
107.08 6.33 8.66
Timing
ST2
113.45 105.62 37.74 40.66 3176.95 2845.23 10.80ab 12.13ab 98.73
108.00 6.56 8.93
ST3
112.82
105.2
38.45 39.91 3127.06 2801.17 11.12a 12.30a
98.69
108.83 6.85 8.83

57

Table 3.2 Mean values for plant height (cm), thousand kernel weight (TKW, g), solvent
retention capacity (SRC, %), and sedimentation value (SV, mL) for the system by cultivar
interaction. Means with the same letters within each column are not significantly different
based on Tukey's Honest Significant Difference (HSD) test performed at α ≤ 0.05.
Mean plant height
TKW
SRC
SV
System
Cultivar
Y1
Y2
Y2
Y2
Y2
CONV

PurpleStraw

138.01a

130.10a

40.33ab

111.67a

10.08a

CONV

Pembroke
2014

92.29b

84.67b

40.55a

108.56b

8.53b

ORG

PurpleStraw

136.60a

128.98a

40.44ab

104.44c

9.64a

ORG

Pembroke
2014

85.79c

78.17c

39.22b

107.22b

7.00c
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3.3.2

Yield

Yields were consistently greater in the CONV cropping system compared to the
ORG system (Table 3.1). In Y1, yield in the CONV system was greater by 17.5%, and by
22.4% in Y2. In Y1, the cultivar main effect was significant, with Pembroke demonstrating
67.59% greater yields than PurpleStraw. In the same year, yield in the CONV system was
more sensitive to timing of N applications (Table 3.3). Yields in the CONV ST1 treatments
were greater than the CONV ST3 treatments, though neither differed from the CONV ST2
treatment. In the ORG system, yield did not differ between timing treatments, and were
numerically lower in all ORG treatments compared to the CONV treatments, though ORG
timing treatments did not differ statistically from the CONV ST2 and ST3 treatments
(Table 3.3).
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Table 3.3 Mean value for yield (kg ha-1) and sedimentation value (SV, mL) for the system
by split N timing interaction in Year 1. Means with the same letters within each column
are not significantly different based on Tukey's Honest Significant Difference (HSD) test
performed at α ≤ 0.05.
System

Timing

Yield

SV

CONV

ST1

3782.86a

7.3750a

CONV

ST2

3402.34ab

6.7917a

CONV

ST3

3187.71bc

7.0000a

ORG

ST1

2807.92c

5.2917b

ORG

ST2

2951.56bc

6.3333ab

ORG

ST3

3066.40bc

6.7083a
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3.3.2.1 Thousand kernel weight
In Y1, TKW was 5.06% lower in the CONV system than in the ORG system (Table
3.1) when averaged across cultivar and N rates. However, in Y2, no significant differences
were observed between systems, nor between cultivars or split N application treatments in
either year (Table 3.1). In Y2, Pembroke 2014 grown in the CONV system had
significantly greater TKW than same cultivar grown in ORG system but did not differ
significantly from PurpleStraw in either system (Table 3.2).
3.3.3

Quality Traits
3.3.3.1 Protein content

Protein content was consistently higher in the CONV system than in the ORG
system. In Y1, plants in the CONV treatments yielded more protein content than in the
ORG when averaged across cultivar and split N timing treatments (Table 3.1). This trend
was also repeated in Y2. PurpleStraw had greater protein content than Pembroke 2014 by
15.25% and 2.16% in Y1 and Y2, respectively (Table 3.1). Treatments with three split N
applications (ST3) had greater protein content than those with only one N application
(ST1). However, protein content in ST1 and ST2 did not differ. This was also true for ST2
and ST3 regardless of cropping system and cultivar (Table 3.1).
Cultivars responded differently to the timing treatments in Y2 (Figure 3.2).
PurpleStraw grown with three split applications (ST3) had greater protein content than the
same cultivar with only one N application (ST1), though protein content in the PurpleStraw
ST3 did not differ from the same cultivar with two N applications, nor Pembroke 2014
with two applications. Protein content did not vary by N treatment in Pembroke 2014.
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Figure 3.2 Protein content (%) as affected by cultivar and split N timing interaction in Year
2 (means with same letters are not significantly different).
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3.3.3.2 Lactic acid
In the CONV system, gluten strength predicted by lactic acid solvent retention
(SRC%) was significantly greater than the ORG system in Y2, while, in Y1, data presented
no significant differences between systems (Table 3.1). Among cultivars, in Y1, the SRC%
value of Pembroke 2014 was significantly higher than PurpleStraw when averaged across
cultivar and split N timing treatments. This trend differed in Y2, as there were no
significant differences between cultivars. split N timing treatments did not significantly
affect the predicted SRC% regardless of cropping system and cultivar (Table 3.1). In Y2,
SRC% was affected by the system interaction with cultivar (Table 3.2). PurpleStraw grown
in the CONV system had the highest SRC% value within and across systems, while
Pembroke 2014 did not differ across systems. In Y1, the cultivars used in the study
demonstrated variable responses to the N application treatments, depending on which
system they were grown in (Figure 3.3). Greater SRC% content was observed in Pembroke
2014 grown in the ORG system with a single N application (ST1) than PurpleStraw grown
in ORG system with one or two N applications (ST1 and ST2, respectively). However,
Pembroke 2014 ST1 ORG treatments did not differ statistically than all other treatments
grown in CONV or/and ORG systems. Solvent retention capacity did not vary among the
treatments in the CONV system. There was a more variable response to N timing
treatments by cultivar in the ORG system. PurpleStraw had significantly lower SRC% than
Pembroke 2014 in the ST1 and ST2 treatments but did not differ in the ST3 treatment.
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Figure 3.3 Lactic acid (SRC%) affected by cultivar, system, and split N timing interactions
in Year 1 (means with same letters are not significantly different).
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3.3.3.3 Sedimentation value
Sedimentation values (SV, mL) were significantly higher in the CONV system than
the ORG system, averaged across cultivar and N timing treatments (Table 3.1). The same
pattern was shown in both years with SV differences by 15.4% and 11.8%, respectively.
In Y2, significant differences between cultivar were observed. PurpleStraw had a
significantly higher SV value by 27.06 % than Pembroke 2014, irrespective of split N
timing treatment or cropping system. Split N application had no significant effect on SV%
value regardless of cropping system and cultivar (Table 3.1). There was a significant
interaction between systems and timing in Y1 and systems and cultivar in Y2 respectively
(Tables 3.2 and 3.3). In Y1, there was no significant differences in split N timing treatments
within or across systems except for ORG ST1 treatment, which gave the lowest value
(Table 3.3). As for Y2, within each system, SV differed significantly between the cultivars
(Table 3.2). PurpleStraw showed greater SV than Pembroke 2014 in both systems (Table
3.2).
3.4

Discussion
3.4.1

Agronomic Traits
3.4.1.1 Plant height

Conventional cropping systems are often distinguished by the use of high-yielding,
dwarf (HYD) cultivars and the application of plant-available fertilizers. The landrace
cultivar (PurpleStraw) is among the oldest wheat cultivars currently grown in the
southeastern US (USDA and Cultivars, 2017). Like many land race wheats, it is known for
greater plant height than modern cultivars, as well as higher protein content. These findings
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are consistent with other studies comparing N fertilizer response in organic and
conventional systems, which show that mineral fertilizers increase plant height more than
organic or biological fertilizers (e.g., manures) and that increasing N rate increases plant
height (Schulz and Glaser, 2012). When averaged across systems, the plant height of
Pembroke 2014 differed significantly but this was not the case with PurpleStraw (Table
3.2). It may suggest for PurpleStraw that innate traits like plant height may be more
dependent upon genetic factors than management when N is not seriously limited (Vinocur
and Altman, 2005).
3.4.1.2 Yield
The greatest yield was achieved in the CONV system in the ST1, though it did not
differ from the CONV ST2 treatment (Table 3.3). The CONV ST3 treatments had the
lowest yield within the CONV system. We assume that since there is a negative correlation
between yield and grain N (Bogard et al., 2010), the wheat plant under the later N
application tends to utilize N to produce high grain protein content rather than high yield.
On the other hand, N application in the season indicated similar and significantly lower
yield in the ST3 than ST1 and ST2, respectively. Therefore, the plants benefitted from the
applied N at the growth stages Feekes 3 and 6 to increase yield. On the other hand, late N
application at Feekes 10 induced the plants to produce grain with higher protein content
rather than yield (Tables 3.1 and 3.3). As for the ORG system, the consistency in the lower
yield probably related to the limited N availability in accordance with the unfavorable
weather condition (Table 3.3).
The greatest yields were consistently observed in the potential high-yield cultivar,
Pembroke 2014 (Table 3.1), which has demonstrated consistently high yield potential, test
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weight, and lodging resistance in previous cultivar trials in the region (Van Sanford et al.,
2016). Given that weed pressure was virtually equal in both systems, yield variation
between cultivars grown in CONV and ORG systems are most likely due to lower soil N
supply in the organically managed field. These results are consistent with those of
Campiglia et al. (2015), who found that grain yields were 15% lower in organic cropping
systems compared to conventional cropping system when comparing winter wheat
production, although the yield gap between the cropping systems varied from 5 to 32%
across six consecutive growing seasons.
3.4.1.3 Thousand kernel weight
Although yields were lower in the ORG system, TKW was significantly greater in
the CONV system in Y1 (Table 3.1). Thousand kernel weight in the ORG system was 5.2%
higher than in the CONV in Y1 (Table 3.1). The limited N availability in the ORG system
may have reduced yields and increased TKW. In Y2, no differences were observed between
production systems as a main effect. Although, it is modified by cultivar × system
interaction whereas the results showed a different trend as Pembroke 2014 grown in CONV
system had highest TKW (Table 3.2). The availability of N in CONV system may have
allowed for greater TKW than ORG system. This is consistent with previous work by Cox
et al. (2019), who found that wheat produced in a conventional system had relatively higher
TKW than wheat grown in an organic system during the early years of organic production
in the northeast USA.
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3.4.2

Quality Traits
3.4.2.1 Protein content

Protein content varied between the CONV and ORG systems. The conventional
cropping system demonstrated higher protein content for both years of study (Table 3.1).
The results agreed with the finding of Le Campion et al. (2014b), who reported cultivar
grown in an organically managed system had a reduction in protein content about 10 to
22%. When averaged across production systems and N timing, PurpleStraw resulted
significantly in greater protein content by 15.25% and 2.16% in Y1 and Y2, respectively,
than Pembroke 2014. This result may be attributed to the genetic background as well as
timing and site N availability. Protein content was greater in the ST3 treatment than in the
ST1 treatment during both study years, though it did not differ from protein content in the
ST2 treatment (Table 3.1). However, in Y2, PurpleStraw interacted with ST3 and gave
higher protein content than Pembroke 2014 with the same treatments (Figure 3.2). The
grain protein content is shown to be dependent on the amount of soil mineral N available
during plant growth and favorable growing conditions (Abedi et al., 2011; Belderok et al.,
2013). This result indicates that soil N availability at critical periods of seed fulling has
sufficient available N to express cultivar variability in N content and, as a result, protein
content as seen in ST3 indicating that applying N in Feekes 10 may increase protein
content.
3.4.2.2 Lactic acid
Lactic acid SRC is a measure to predict gluten strength (Xiao et al., 2006). The
conventional cropping system resulted in higher SCR% than ORG cropping system in Y2
(Table 3.1). Pembroke 2014 had significantly greater SRC% than PurpleStraw in Y1. It is
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probably attributed to the genetic background of this cultivar. Van Sanford et al. (Van
Sanford et al., 2016) reported that Pembroke2014 had greater lactic acid SRC% than the
average values of 13 studied cultivar and breeding lines. This result was modified by
interaction in Y2, as PurpleStraw grown in CONV system gave higher SRC% than all
treatments (Table 3.2). Several factors could be involved and attested to SRC, such as
response to N level availability during production season and the favorable environmental
conditions. In addition, it may be affected by the freeze damage that occurred during gain
filling that gave advantage to PurpleStraw as it is known to have greater winter hardiness
than some modern cultivars (USDA and Cultivars, 2017). The interaction between cultivar,
system, and split N timing in lactic acid SRC in Y1 (Figure 3.3) indicated significant
differences among cultivars. whereas Pembroke 2014 ST1 ORG treatment gave highest
SRC% than PurpleStraw ST1 and ST2 ORG treatments which demonstrated that cultivar
played a crucial role in this interaction rather than systems and split N application.
3.4.2.3 Sedimentation value
Sedimentation values (SV) varied between the CONV and ORG systems since the
same cultivar produced significantly greater SV in CONV than ORG systems (Table 3.1).
This attributed to the richness of N availability in CONV system. Ottman et al. (2000)
reported that SV value increased with the using of high nitrogen application. In Y2, the
interaction between systems and cultivar, PurpleStraw showed comparatively higher SV
than Pembroke 2014 regardless to system (Table 3.2). This result may be related to the fact
that this quality trait is correlated with protein content as PurpleStraw is known to be a
genetically high protein cultivar (USDA and Cultivars, 2017). In Y1 (Table 3.3), the
interaction between system and timing indicate that late N application can improve the end-
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use baking quality trait (Xue et al., 2016). The variation in SV appeared more prominently
in ORG system than CONV. This may be due to the slow release of organic fertilizer during
the grown season in accordance with split N timing treatments at Feekes 6 (stem
elongation). No difference was noticed in the CONV system for split N treatments.
3.5

Conclusion
The purpose of the current study was to evaluate the split timing fertilizer

application effect on traits associated with baking quality in different production systems.
The findings of this study showed that late N application at Feekes 10 resulted in increased
protein content. However, there was no obvious effect of split N timing application on the
other studied traits. The two cultivars in this study responded differently in the traits that
were evaluated. PurpleStraw had a greater plant height and protein content due to its
genetic characteristic as a landrace cultivar in southeastern states. Pembroke 2014 resulted
in a greater lactic acid SRC %, and yield in Y1 only. Thus, we suggest that late split N
application would be beneficial to improve the end-use baking quality traits of SRW wheat.
On the other hand, more research should be done regarding the effect of N late application
on organic farming system.
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ABSTRACT
A two-year study (harvest years 2019 and 2020) was conducted to investigate the effect of
a commercially available biofertilizer, in combination with variable nitrogen (N) rate, on
bread baking quality and agronomic traits in hard winter wheat grown in conventional
(CONV) and organic (ORG) farming systems in Kentucky, USA. The hard red winter
wheat cultivar ‘Vision 45’ was used with three N rates (44, 89.6 and 134.5 kg/ha as Low,
Med and High, respectively) and three biofertilizer spray regimes (no spray, one spray and
two sprays). All traits measured were significantly affected by the agricultural production
system (CONV or ORG) and N rate, although trends in their interactions were inconsistent
between years. In Y2, yield was greatest in treatments with high N rates and in the ORG
system. Biofertilizer treatments had a negative to neutral effect on grain yield. Baking
quality traits such as protein content, lactic acid solvent retention capacity and
sedimentation value (SV) were consistently greater in the CONV system and increased
with the higher N application rates. Similarly, biofertilizer application had no effect on
predictive baking quality traits, except for SV in year 1 of the study, where it increased
with two sprays. Loaf volume was consistently greater from wheat grown in CONV
treatments. From these results, we conclude that further research is warranted to evaluate
the potential for biofertilizers to enhance N uptake and affect bread baking quality or other
end-use traits. Additional research may be especially useful in organic production systems
where biologically based N fertilizers are utilized, and treatments were not negatively
affected by biofertilizer applications. Such strategies may be needed to increase protein
quantity and gluten quality to optimize winter wheat production for bread baking qualities
in the southeastern USA.
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4.1

Introduction
Hard red winter (HRW) wheat (Triticum aestivum L.) makes up approximately 40%

of the total wheat cultivated in the US (Plains Grains, 2019). HRW is mostly grown in the
Great Plains region, which is characterized by dry sub-humid and semi-arid weather
conditions (USDA-NASS, 2020). HRW grain has a high protein content that results in flour
typically used for bread production. However, it has a lower yield potential (May et al.,
1989) than soft red winter (SRW) wheat. SRW is widely adapted to grow in high-rainfall,
moist, sub-humid regions such as the eastern US and typically produces higher-yielding
but lower protein content flour than HRW. Due to the low protein content, SRW flour is
not generally used for bread baking (Chad Lee and James Herbek, 2009), but it is best
suited to the production of cakes, pastries, crackers, and cookies (Carson and Edwards,
2009).
In light of the growth in the local and regional food movement in the US, there is
increased interest from farmers and end users in local small grain value chains. Local grains
provide benefits that go beyond their flavor. They are an important component of
sustainable farming systems from an agricultural standpoint in that they reduce soil erosion
by providing ground cover during the winter and reduce N contamination of the
groundwater by scavenging available N (Clark, 2008). In addition, economically, they
support local farmers and decrease food miles. Moreover, from a social perspective, they
benefit by increasing accountability of agricultural enterprises to local communities (Hills
et al., 2013). Thus, in Kentucky, artisan bakers are looking for a stable flour source from
wheat that is grown locally and meets the requirement of consumers.
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Protein content and protein quality are important considerations in assessing the
baking quality of wheat used in bread baking. Improving protein and other baking quality
traits may be accomplished through multiple strategies, including variety selection, and
finding locally adapted HRW varieties that will perform in the eastern US. Agronomic
practices such as integrated plant nutrition, crop rotation and nitrogen fertilization
management are also important. Nitrogen is a critical element that is required by plants in
larger amounts than other nutrients. N deficiency can have a significant impact on crop
development and production. Therefore, to achieve an optimal yield, the N supply should
be available according to the plant’s needs and in the optimal form (Zapata, 2008).
Biofertilizers are preparations containing strains of micro-organisms, organic
products and dead tissues of plants which give nutrients to the soil as well as plants (Sahoo
et al., 2013). With the increase in sustainable agriculture around the world, bio-inoculants
and biofertilizers have emerged as a new technique to improve crop production and quality.
Use of biofertilizers has been promoted as a promising technique that may reduce the use
of synthetic fertilizers, pesticides and input costs (Praveen and Singh, 2019). Biofertilizers
induce many biochemical transformations in soil, such as: mineralization of organically
bound forms of nutrients, exchange reactions, fixation of atmospheric nitrogen and other
changes resulting in increased accessibility to soil nutrients (Jacoby et al., 2017).
Previous work has demonstrated that biofertilizers may have a positive effect on
crop quality (Figure 4.1). Karthikeyan et al. (2010) reported that the use of Pseudomonas
fluorescens and Bacillus megaterium significantly increased alkaloid content in
Catharanthus roseus (L), which has medicinal importance as a producer of anticancer
dimeric alkaloids Similarly, Khalid et al. (2017) and Taie et al. (2008) found that spinach
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and soybean produced with the use of different biofertilizers had higher total phenolic
content, which confers health benefits, than the uninoculated control. In small grains,
biofertilizers have been suggested to upregulate two high-quality protein subunits, i.e., the
81 kDa high-molecular-weight glutenin subunit and the 43.6 kDa low-molecular-weight
glutenin subunit, which are important parameters for end-use quality. At the same time,
biofertilizers enhance the activity of enzymes involved in organic matter decomposition
and nutrient release (Dal Cortivo et al., 2020). Furthermore, there is a global trend toward
using biofertilizers as they have longer lasting impact towards sustainable agriculture in
reducing problems associated with the use of chemicals fertilizers (Bhardwaj et al., 2014).
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Figure 4.1 Biofertilizers and their proposed roles in improving agroecosystem
functioning, crop yield and quality. (Illustration by Matthew Hazzard, College of
Medicine, University of Kentucky).
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The main objective of this two-year study was to evaluate how biofertilizers used
in combination with organic and/or inorganic fertilizers would affect yield, protein content
and end-use baking quality traits in HRW grown in central Kentucky.
4.2

Materials and Methods
4.2.1

Experimental Design and Management

This study was conducted at the University of Kentucky Horticulture Research
Farm, in Lexington, KY, USA (37°9′74.6.34″ N, 84°53.45.52″ W) during the 2018–2019
(Y1) and 2019–2020 (Y2) growing seasons. The mean air temperature in 2018 was 13.4
°C with a minimum of −18.6C recorded during the growing season. Annual precipitation
in 2018 was 1760 mm. Mean temperature in 2019 was 13.8 °C with a minimum of −16.4
°C recorded during the growing season. Annual precipitation in 2019 was 1503 mm
(Kentucky Climate Center, Bowling Green, KY, USA). The soil type was a BluegrassMaury silt loam (Fine, mixed, active, mesic oxyaquic paleudalf). Hard red winter wheat
(Triticum aestivum L.) cultivar ‘Vision 45’ was planted on 24 October 2018 and 25 October
2019. Treatment factors included cropping system, nitrogen rate and biofertilizer spray
regime.
The experiment was a randomized complete block design with cropping system,
biofertilizer spray and nitrogen application rate as treatment factors. Treatments were
arranged within fields of each cropping system (one field conventional, one field organic)
with four replications. Plots measuring 5.5 m2 (4.6 m × 1.2 m) were planted with six crop
rows. Weeds were monitored by weekly scouting and managed according to standard
practice for each system. Weeds were not above the economic threshold in the CONV plots
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in either year, so no herbicide was applied. In ORG, however, weeds were controlled using
hand cultivation at Feekes growth stage 6 (Large, 1954) (BBCH growth stage 3 (Meier,
1997), in early April of each year. The ORG field was managed following the USDA
National Organic Program rules but was not certified organic (USDA, 2000).
Nitrogen (N) sources were selected based on conventional and organic management
specifications. Urea (46% N) was used for all applications in the CONV system, and a
granular organic fertilizer (10% N, NatureSafe 10-2-8, Darling Ingredients, Inc. Irving,
TX, USA) in the ORG system. Three N regimes, representing low, medium and high rates
(44, 89.6 and 134.5 kg/ha, respectively), were applied in a split within fields of each
cropping system. Both systems fields received three N rates according to growth stage, for
ORG (pre-plant, Feekes 3 (BBCH 2) and 6 (BBCH 3)) and for CONV (Feekes 3, 6 and 10
(BBCH 6)) as described in Table 1.
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Table 4.1 Dates of biofertilizer and nitrogen fertilizer application for the growing seasons 2018–2019 (Y1) and 2019–2020 (Y2).
System
ORG

Treatments

EM Spray

CONV

Y1

Y2

Y1

Y2

No spray

N/A

N/A

N/A

N/A

One Spray

24 October 2018

3 November 2019

24 October 2018

3 November 2019

Two Sprays

Nitrogen applications

24 October 2018 and 3 November 2019 24 October 2018 and 3 November 2019
23 March 2019
and 08 March2020
23 March 2019
and 08 March 2020
5 October 2018,
12 March 2019 and
10 April 2019

18 October 2019,
7 March 2020 and
6 April 2020
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12 March 2019,
10 April 2019 and
2 May 2019

7 March 2020,
6 April 2020 and
20 April 2020

Biofertilizer consisting of an effective microorganism (EM) consortium of species
of photosynthetic and lactic acid bacteria and yeasts (AG1000, Teraganix, South Alto, TX,
USA) was applied in three spray regimes (no spray, one spray and two sprays). This
commercial biofertilizer was selected due the approval for use in both conventional and
certified organic systems. Biofertilizer was diluted to a 1:12.5 ratio of biofertilizer to water,
according to the label recommendations and applied by backpack sprayer to the growing
plants and surrounding soil. For both systems, the first sprays were applied within one
week of planting, while the second sprays were applied at Feekes growth stage 3 (BBCH
2) (Table 4.1). Plots were harvested in late July (27 July 2019 and 26 July 2020) using a
Hege 125 °C plot combine (Hege Company, Waldenburg, Germany).
The Feekes and BBCH scales were used to record growth stages including heading
date (HD) and plant height (PH). Heading date (HD; Julian) was determined for each
system when more than 50% of the spikes within a plot had emerged from the flag leaf
sheath. Plant height (PH; cm) was measured from the soil surface to the top of the spike,
excluding awns in late May. Thousand kernel weight (TKW) was used in combination with
grain yield to estimate kernel number. Yield was calculated from plot yields, adjusted to
13.5% moisture; this trait and test weight (Kg/ha) were measured using a GAC 2100b grain
analysis computer (Dickey-John, Auburn, IL, USA). Thousand kernel weights were
measured using an ESC-1 seed counter (Agriculex Inc., Ontario, ON, Canada).
Grain quality traits included sedimentation value (SV, mL), protein content (%) and
predicted Lactic acid solvent retention capacity (SRC%). SV (mL) and SRC (%) are
indicators of gluten strength in wheat flour of mill and baker’s products (Hrušková et al.,
2004). SV(mL) was measured after the method of Dick and Quick (1983), while grain
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protein and lactic acid content were measured from a 50 g subsample of grain from each
plot using near infrared reflectance (NIR) (DA 7250, Perten Instrument, Hagersten,
Sweden).
Bread loaves were made from flour that was milled on a Mockmill 100 Stone Grain
Mill (Mockmill, Fairfield, IA, USA) immediately prior to mixing. Bread dough consisted
of whole wheat flour (200 g), salt (4 g), commercial bread yeast (0.75 g) and water (140
g). Dough was mixed for 10 min on speed 1 of a Kitchenaid 4qt mixer and allowed to rest
for 15 min and then, to strengthen the gluten, was subjected to 3 sets of folding ~15 min
apart, covered and fermented at 5 degrees °C for 24 h. The dough was then removed from
refrigeration and placed at room temperature (23 degrees °C) for 45 min. The dough was
then shaped into loaves and placed in loaf pans lined with baking parchment to prevent
sticking. Shaped loaves were allowed to proof for 45 min. Loaves were then baked at 246
°C for 25 min in electric ovens. After baking, loaves were allowed to cool for 15 min, then
removed from the pans and analyzed for loaf height, weight and volume. Loaf volume was
measured using a Volumeter instrument which measured volume of canola seed displaced
by the loaf (National Manufacturing Co., Lincoln, NE, USA) after the method of Teferra
(Teferra, 2013).
Analysis of variance (ANOVA) was performed using a linear mixed model (PROC
GLIMMIX, SAS 9.4, SAS Institute, Cary, NC, USA). Data were analyzed as a split plot,
with cropping system by EM spray as the main plot factor and N rate application as the
split-plot factor. The study was analyzed separately by year to account for differences
between crop rotation and year-to-year variation in weather conditions. Nitrogen rate,
system, EM spray and all possible interactions were fixed effects and the interaction
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between system, EM spray and replicate was a random effect. Mean comparison analysis
for main effects and interactions were calculated using Tukey’s test (HSD) at the 0.05 level.
ANOVA results for agronomic and baking quality characteristics for both study years are
presented in Table A, Appendix 2.
4.3

Results
4.3.1

Plant Height

Plants were consistently taller in the CONV treatments than in the ORG Med N and
Low N, although they did not differ from the ORG High N treatment (Table 4.2). Plants
grown in ORG Med N were taller than ORG Low N by 3.6% and 4.2% for 2019 and 2020,
respectively. The main effect was detected in the EM spray for both Y1 and Y2, where two
sprays increased plant height by 2.8% over the control (Table 4.3). The one-spray treatment
did not differ significantly from the control or the two-spray treatment. Significant system–
spray interactions were observed only in Y1 (Table 4.4); plants within the CONV system
did not show statistical difference, however, CONV treatments differed from ORG one and
no spray but not from the ORG two spray treatment. Within the ORG system, no statistical
difference was observed between the one- and two-spray treatments. In addition, the ORG
no spray treatment had the lowest mean plant height of all treatments, though it was not
significantly different from ORG one spray.
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Table 4.2 Mean value for plant height (cm), yield (kg/ha) and protein content (%) for
system by rate interaction. Means with the same letters within each column and main effect
are not significantly different, based on Tukey’s HSD test performed at α = 0.05.
Mean Yield Mean Protein
Mean Plant Height (cm)
(kg/ ha)
Content (%)
System
Rate
Y1

Y2

Y2

Y1

CONV

High N

101.18 a

93.56 a

4794.05 b

12.88 a

CONV

Med N

100.54 a

92.92 a

4500.72 bcd

11.96 b

CONV

Low N

99.91 a

92.29 a

4083.64 cd

11.05 c

ORG

High N

100.33 a

92.49 a

5512.83 a

10.54 cd

ORG

Med N

96.73 b

89.11 b

4623.69 bc

10.19 de

ORG

Low N

93.34 c

85.51 c

4022.61 d

9.85 e
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Table 4.3 Main effect for plant height (cm), 1000 kernel weight (TKW, g), yield (kg/ha), protein content (%), lactic acid (SRC, %) and
sedimentation value (SV, mL). Means with the same letters within each column and main effect are not significantly different, based on
Tukey’s HSD test performed at α = 0.05.
Main Effect
Year
CONV
System
ORG
p-Value
Low N
Med N
Rate
High N
p-Value
No spray
1 spray
Spray
2 sprays
p-Value

Plant Height (cm)
Mean
Y1
Y2
100.54 a 92.92 a
96.80 b
89.04 b
≤0.0001 ≤0.0001
96.63c
88.90 c
98.64 b
91.07 b
100.75 a 93.03 a
≤0.0001 ≤0.0001
97.37 b
89.75 b
98.53 ab 90.91 ab
100.12 a 92.29 a
0.0086
0.0200

TKW (g)
Mean
Y1
Y2
43.13 b 48.25 b
44.11 a 49.44 a
0.0341 ≤0.0001
43.64
48.62
43.87
48.91
43.35
49.00
0.55
0.27
44.13 48.79 ab
43.71
49.29 a
43.01
48.46 b
0.12
0.0046

Yield (kg/ha)
Mean
Y1
Y2
5950.24 4459.47 b
5642.74
4719.71 a
0.0169
0.062
5586.99
4053.13 c
5954.18 4562.20 b
5848.28
5153.44 a
0.091
≤0.0001
6183.05 a 4505.70
5910.55 a 4727.57
5295.85 b 4535.50
0.0005
0.18

85

Protein Content (%)
Mean
Y1
Y2
11.96 a
13.47 a
10.19 b
12.35 b
≤0.0001 ≤0.0001
10.45 c
12.14 c
11.07 b
12.99 b
11.71 a
13.59 a
≤0.0001 ≤0.0001
11.03
12.99
10.96
12.84
11.23
12.88
0.47
0.091

SRC (%)
Mean
Y1
Y2
89.79 a 107.83 a
87.89 b 104.83 b
0.0075 ≤0.0001
89.58
103.25 c
88.27 106.17 b
88.65
109.58 a
0.38
≤0.0001
88.52
106.71
88.95
105.98
89.04
106.31
0.78
0.22

SV (mL)
Mean
Y1
Y2
9.39 a
10.67
7.76 b
10.43
≤0.0001
0.36
7.88 b 10.01 b
8.63 ab 10.79 a
9.22 a
10.86 a
0.0011 0.0025
8.21 b
10.48
8.17 b
10.53
9.35 a
10.64
0.0083
0.87

Table 4.4 Mean plant height (cm) and yield (kg/ha) for system by number of spray
interaction. Means with the same letters are not significantly different based on Tukey’s
HSD test performed at α = 0.05 for Y1.
System

Spray

Mean Plant Height (cm)

Mean Yield (kg/ ha)

CONV

No spray

100.12 a

7021.08 a

CONV

1 spray

100.75 a

5848.21 b

CONV

2 sprays

100.75 a

4981.42 c

ORG

No spray

94.61 c

5345.03 bc

ORG

1 spray

96.31 bc

5972.90 b

ORG

2 sprays

99.48 ab

5610.29 bc
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4.3.2

Yield Traits

The control spray treatment in the CONV system had greater yield than treatments
in the CONV system with one and two sprays; the yield exceeded the yields in the ORG
treatments in Y1 (Table 4.4). No statistical differences were observed between treatments
within the ORG system. The CONV one spray treatment did not differ from any ORG
treatments, while no statistical differences were observed between the CONV two spray
and the ORG no and two spray treatments.
In Y2, treatments in the ORG system had 5.8% greater yield than treatments in the
CONV system, when averaged across all other treatment factors (Table 4.3). This effect
was modified by significant system × N rate interactions (Table 4.2). The ORG system
with High N rate had greater yield than any other system or N rate combination. No
differences were observed between Med, Low and High N-rate treatments within the
CONV system or the Med ORG treatment. The ORG Low rate had the lowest yield in Y2
yet did not differ from the Low and Med CONV treatments.
The thousand kernel weight (TKW) was significantly greater in the ORG system
than in the CONV in Y1 and Y2 (2.2% and 2.4%, respectively) (Table 4.3). In Y2, plants
treated with one spray had a significantly higher TKW than those treated with two sprays,
while TKW did not differ statistically in the no spray treatment from one and two sprays
(Table 4.3).
4.3.3

Baking Quality

The baking test results showed that CONV Low N with two sprays had the highest
loaf volume (630 cc), followed by the other CONV treatments (Table 4.5). The lowest loaf
volume was recorded in the ORG High N with two sprays (595 cc). The CONV High N
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treatment with no spray had the greatest loaf height (79.94 mm) as compared to the CONV
Low with no spray, which had the lowest height (73.5 mm).
The protein content was greater in the CONV system than the ORG system in both
Y1 and Y2 (17.4% and 9.1%, respectively) (Table 4.3). In Y1, this effect was modified by
significant system–rate interactions, in which plants in the CONV system grown with High
N rate had significantly higher protein content and exceeded all other treatments, followed
by the CONV Med treatment with 7.7% (Table 4.2). The CONV Low N treatment did not
differ from the ORG High N treatment, which in its turn did not differ from the ORG Med
N treatment. The ORG Low N treatment had the lowest protein content, although it did not
differ from the ORG Med N treatment.
The predicted lactic acid (SRC%) was greater in the CONV system than the ORG
system during both study years (2.2% in Y2 and 2.9% in Y2) (Table 4.3). In Y2, the SRC%
was greatest in plants grown with the High N rate, followed by the Med N and the Low N
rate treatments (Table 4.3).
Although the data were analyzed separately by year, it is of note that the
sedimentation value (SV%) was greater in Y2 than Y1 in all treatments (Table 4.3). In Y1,
the CONV treatments had higher SV% than the ORG treatments, however, these did not
differ in Y2. Greater SV% was observed in both years in the High N and Med N rates,
though the Med N did not differ from the High N in Y1 (Table 4.3). Additionally, in Y1,
plants sprayed with two sprays had greater SV% than treatments with one spray or no
sprays.
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Table 4.5 Bread loaf weight, height and volume from loaf baking trial.
System
Rate
Spray
Loaf wt (g)
Loaf ht (cm)

Loaf Vol (cc)

ORG

Low N

No spray

257

76.88

600

ORG

Low N

2 sprays

254

75.8

610

ORG

High N

No spray

263

76.97

610

ORG

High N

2 sprays

261

75.78

595

CONV

Low N

No spray

259

73.5

600

CONV

Low N

2 sprays

255

75.18

630

CONV

High N

No spray

259

79.94

620

CONV

High N

2 sprays

254

77.91

625
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4.4

Discussion
4.4.1

Farming System Affects Grain Yield and Baking Quality

In both study years, plant heights were significantly affected by system–rate
interactions (Table 4.2). While synthetic fertilizer is known to promote the vigor of plant
growth, no difference was observed within means in the CONV treatments. The application
of chemical fertilizer at early growth stages can make N more available to the plant so it
encourages the rapid elongation of the cell walls and boosts the plant to reach its height
potential (Kobua et al., 2021). Unlike the CONV system, variation in plant height was
observed within the ORG treatments such that the plant height in the ORG High N
treatment was not significantly different than all CONV treatments. Organic fertilizers can
boost soil structure and physical properties such as porosity, which can improve root
growth and the rhizosphere and promote plant growth while also increasing the availability
of nutrient sources (Goss et al., 2013).
Unlike plant height, yields were greater in the ORG system compared to the CONV
system in Y2 only (Table 4.3). This effect was also modified by the interaction with rate
in the same year, whereas ORG High N yielded greater than all other treatments (Table
4.2). The ORG field site location in Y2 was historically known for low fertility. Therefore,
it was densely planted with cover crops for more than two years prior to this study to add
more nitrogen to the soil. These multispecies cover crops are known to contribute to soil
health and may also have a weed suppressive activity. This may have resulted in less
competition for nutrients and greater availability to the plants, especially during green-up,
when maximum yield potential can be achieved. Our results align with those of Koutroubas
et al. (2016), who found that grain yield with the doubling of organic manure (32 Mg/ha)
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was similar to that of inorganic fertilizer at the recommended rate (120 kg/ha) on their
study of the effect of organic manure on wheat grain yield, nutrient accumulation, and
translocation.
Thousand kernel weight was also greater in the ORG system than the CONV system
in both years (Table 4.3). Since weed population and disease severity was under economic
threshold, especially at the grain filling period, therefore, TKW increased with the decrease
in these yield-liming factors (David et al., 2005).
The protein content plays a crucial role in bread baking quality. In both study years,
grain from the CONV system had greater protein content than grain from the ORG system
(Table 4.3). This may be attributed to the use of mineral fertilizers that makes the N form
that is more available to plants (Mäder et al., 2007).
The predicted lactic acid SRC (%) was also greater in the CONV system than in
the ORG for both years of study (Table 4.3). This may be due to the correlation between
protein content and lactic acid SRC (Hammed et al., 2015), which is similar to findings
reported by Xiao et al. (2006). SRC has been shown to be positively correlated with loaf
volume (Aghagholizadeh et al., 2019), which is consistent with the results reported herein,
with treatments in the CONV system reporting greater SRC and loaf volume values
compared to treatments in the ORG system (Table 4.5). Similarly, sedimentation value
(SV%), a predictor of gluten strength, was greater in Y1 in the CONV system than in the
ORG system (Table 4.3). Sedimentation value is usually correlated positively with protein
content (Seabourn et al., 2012) and with gluten strength (Castellari and Van Sanford,
unpublished). In their work on the impact of production system and cultivars of winter
wheat, Ceseviciene et al. (2012) found that grain grown in conventional farming systems
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improved grain quality traits and gave higher sedimentation values than organic systems.
The positive relationship between SV and loaf volume has been shown to be particularly
pronounced when grain protein levels are less than 13% (Ayoub et al., 1993; Preston et al.,
1982). This is consistent with the relationships observed in this study (Table 4.5), with
relatively low protein contents in all treatments, but particularly those grown in the ORG
system.
4.4.2

Increased Nitrogen Rates Improve Yield and Baking Quality Traits

The yield and protein content were consistently greater in the High N treatment, as
was SRC in Y2. Greater N application rates are well documented in increasing crop yields
(Campillo et al., 2010). Greater yields may have been observed in the ORG system due to
residual N from the previous crop rotation, as discussed above.
Plants grown in CONV system under the High N rate had significantly greater
protein content than in the Med and Low N rate in either the CONV or ORG systems (Table
4.2). This may due to the well-documented effect of increased fertility levels being
generally correlated with increased protein content, as discussed above (Miller et al., 2011).
Similarly, Mallory and Darby (2013) found that late season N application increased the
protein content in HRW. In addition to protein content, we observed improvement in the
traits that predict baking quality with increased N application rates, such as SRC and SV
(Table 4.3). These findings are consistent with Song et al. (2020), who found that SV,
protein content and other end-use baking qualities were improved by N application in
booting stages in particular.
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4.4.3

Biofertilizers Had Little Effect on Yield and Baking Quality Traits

Biofertilizers have been shown to provide sustainable nutrition for plants, as
beneficial bacteria and fungi can assist in increasing crop yield in wheat (Basu et al., 2017;
Igiehon and Babalola, 2017). In both years, plants recorded maximum height with two
sprays but not statistically different than one spray (Table 4.3). However, this variation in
plant height was only true in the ORG system when spraying was modified by the
interaction with the system in Y1 (Table 4.4). Possibly, biofertilizer sprays have a positive
effect on plant growth by increasing the absorption of relatively immobile nutrients
including P, Zn and Cu from the soil, making them more readily accessible to plants, which
promotes germination and shoot elongation (Patra and Singh, 2019). In addition, at
different stages of plant growth, different mineralization rates and nutrient availability can
explain the variable levels of nutrients in the soil amendment (Kautz et al., 2006). Our
findings are in line with Javaid et al. (2008), who found that the EM (Effective
Microorganisms) application showed a significant effects of shoot systems on wheat plant
when they study the effect of heat-sterilization and EM (Effective Microorganisms)
application on wheat grown in organic-amended sandy loam soil.
On the other hand, in Y1, biofertilizer had a negative effect on the yield of plants
grown in the CONV system (Table 4.4). To the best of our knowledge, no study has been
found so far comparing the effect of biofertilizer on wheat grown in conventional and
organic systems. Many factors may be involved in this variation such as the environmental
condition during grain filling stage as well as the microbial community level at the site
location. The competition between the EM spray and the indigenous rhizobacteria may
constrain the positive effect of biofertilizer on yield. Similar results were found by Dal
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Cortivo et al. (2020), who reported that there was no significant improvement in yield with
the use of biofertilizer in their study of the seed biofertilizer applied on rhizosphere
biodiversity and growth of common wheat in the field. However, this result is in contrast
with Kachroo and Razdan (2006) and Singh et al. (2013), who reported that the use of a
1:1 ratio of Azotobacter + Azospirillum inoculation significantly increased growth and
yield in wheat.
In Y1, two sprays with biofertilizer significantly affected the SV (Table 4.3). It
could be the application of biofertilizer improve the nutrients availability in synchrony
between the increases in other quality traits such as protein content and lactic acid SRC, as
well as the interaction between the environmental condition and genotype.
4.5

Conclusions
The present study was designed to determine the effect of EM spray application

with three different nitrogen regimes in conventional and organically managed system on
growth, yield and quality traits of hard red winter wheat in Kentucky. In our study,
biofertilizer sprays had little to no effect on ORG yield and a negative effect on
conventional yield in Y1. Meanwhile, the ORG system had greater yield than the CONV
system in Y2. Baking quality traits (protein content, SRC and SV) were impacted by
system and rate, with wheat grown in the CONV system at a High N rate demonstrating
the greatest predicted baking quality. Breads baked from wheat grown in the CONV
treatments had consistently greater loaf volume than wheat grown in ORG treatments.
Nitrogen fertility rate had consistent effects on baking quality traits, but biofertilizers had
minimum to no effect on baking quality traits or yields. From this work, the substitution of
biofertilizers for traditional N fertilizers (conventional or organic) cannot be recommended
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at this time. However, given the lack of negative effects and potential synergies between
manure-based fertilizer used in ORG systems and biofertilizers, additional studies should
be conducted to explore the optimum biofertilizer use in organic farming system on wheat
yield and protein content and composition.
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CHAPTER 5. SUMMARY
Producing wheat with the protein content and strength suitable for bread baking to
meet the demands of local artisan bakers is a challenge for Kentucky farmers. The
dominant wheat grown in the state and throughout southeast region of US is soft red winter
wheat, which is known for low protein content due to the humid conditions during grain
fill. This dissertation evaluates various agronomic management practices such as nitrogen
(N) management strategies and organic farming practices and their effects on bread baking
quality and agronomic treats in winter wheat in Kentucky. This conclusion summarizes the
key findings from three, multi-year field experiments to improve the bread baking quality
in soft and hard red winter wheat and makes recommendations for future areas of research.
The first study (Chapter 2) seeks to evaluate the effect of nitrogen (N) management
on five cultivars of winter wheat grown in conventional and organic systems on yield,
protein content, sedimentation value (SV) and solvent retention capacity (SRC). Protein
content, SV, and SRC are predictors of bread baking quality traits. Greater yields were
observed in the conventional system in crops grown with the Low N treatment, which
indicates that reduced N rates of synthetic fertilizer in conventional systems may achieve
adequate yield and may avoid excessive N fertilizer usage. Additionally, one of the five
selected cultivars (‘Soisson’), had greater SV in both years of study, indicating that despite
relatively low protein content, it may make suitable bread due to greater protein strength.
As such, strategies to improve gluten strength, in addition or as an alternative to increasing
protein content may be an effective strategy for improving baking quality traits when
protein content typical of bread wheat may not be achievable. These findings indicate that

97

the addition of N applications, in combination with responsive cultivars, may allow for the
production of SRW suitable for bread baking.
In a second study (Chapter 3), split N fertilization strategies were evaluated on two
SRW cultivars in organic and conventional systems. Treatments included up to three split
N applications, applied at various critical plant growth stages. The results revealed that
while a single N application increased grain yield, the late N application significantly
increased grain protein as a main effect. Thus, it is apparent from this study that late N
application on Feekes 10 growth stages may increase protein content.
A third study (Chapter 4) investigated the efficacy of biofertilizer application
combined with different N fertilizer rates on bread baking quality of a regionally adapted
hard red winter wheat in conventional and organic production system. Biofertilizer was not
shown to increase yield or baking quality traits such as protein content SRC. However, N
fertility rate had consistent effects on baking quality traits. In addition, the baking results
showed that wheat grown in CONV system had greater loaf volume than that of ORG
system. From this data we can conclude that biofertilizers cannot be recommended as a
substitution for augmentation to N fertilizer for either system at this time.
In conclusion, this body of work indicates that overall, a

low fertilizer N

application rate can achieve a grain yield representative of standard yields in the region,
and an additional N application late in the season at jointing- heading (Feekes stage 6-10)
can significantly increase protein content and gluten strength. Additional work to optimize
late season N application rates in both conventional and organic production systems to
sustainably meet local, artisan bread baking markets is needed. In addition to agronomic
research, additional research utilizing bread baking evaluations of treatments with
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promising agronomic yields and predictive baking quality traits should be more
investigated.
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APPENDIX 1. A and B
Table A. ANOVA values for plant height (cm), 1000 kernel weight (TKW, g), yield (kg ha−1), grain nitrogen (Grain N, %) and lactic
acid (SRC, %). Values were considered significant at the α ≤ 0.05 level, with non-significant effects indicated by annotation as “ns.”

Source of Variance

DF

Year
Rate

Plant Height (cm)

Yield (kg ha−1)

TKW (g)

Grain N (%)

SRC (%)

p-Value

p-Value

p-Value

p-Value

p-Value

2018

2019

2018

2019

2018

2019

2018

2019

2018

2019

1 0.0615ns

0.0259

System

1

0.0002

≤0.0001 0.1095ns ≤0.0001 ≤0.0001

0.0096

≤0.0001

Cultivar

4

≤0.0001

≤0.0001 ≤0.0001 ≤0.0001 ≤0.0001

≤.0001

≤0.0001 ≤0.0001 ≤0.0001 ≤0.0001

Rate*System

1 0.8766ns

Rate*Cultivar

4

System*Cultivar
Rate*System*Cultivar

0.0327

0.0366

0.9387ns 0.0001 0.8545ns 0.8809ns ≤0.0001 0.1148ns 0.0011 0.1907ns

0.0018

0.0029

0.0004 0.2767ns ≤0.0001

0.0340

≤0.0001 0.9636ns

0.0014 0.6739ns 0.0023

0.2403 ns 0.4789 ns 0.0722 ns 0.368 0ns 0.6515 ns 0.0475 0.1894 ns 0.1139 ns 0.0587 ns

4 0.2554 ns ≤0.0001

0.0165 0.7852 ns 0.0016 0.1884 ns 0.0081 0.7450 ns 0.0085 0.4196 ns

4 0.4496 ns 0.1651 ns 0.7476 ns 0.0714 ns 0.3755 ns 0.2198 ns 0.3096 ns 0.6436 ns 0.0597 ns 0.0125
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Table B. ANOVA values for flag leaf nitrogen (FLN, %) at anthesis (AN) and physiological maturity (PM), change in flag leaf nitrogen
(ΔFLN, %) and sedimentation value (SV, mL). Values were considered significant of the α ≤ 0.05 level, with non-significant effects
indicated by annotation as “ns.”

Source of Variance

FLN (%)

ΔFLN (%)

SV (mL)

p-Value

p-Value

p-Value

DF
2018

Year

2019

AN

PM

AN

PM

2018

2019

2018

Rate

1

0.0009

≤0.0001

0.0399

0.0244

System

1

≤0.0001

≤0.0001

0.8308 ns

0.0030

Cultivar

4

≤0.0001

0.0279

0.2389 ns 0.8111 ns

Rate*System

1

0.9624 ns 0.3307 ns

Rate*Cultivar

4

0.7879 ns 0.7151 ns 0.9688 ns 0.3814 ns 0.8125 ns 0.4218 ns 0.5763 ns 0.2417 ns

System*Cultivar

4

0.0166

0.2514 ns 0.4151 ns 0.5365 ns 0.1867 ns 0.6446 ns 0.2030 ns

System*Rate*Cultivar

4

0.0380

0.7765 ns 0.9419 ns 0.9008 ns 0.1147 ns 0.9011 ns 0.0614 ns 0.9961 ns

0.0064
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0.0145

0.3869 ns 0.8306 ns 0.0874 ns

2019
0.0001

0.0313

0.0137

0.0002

0.0640 ns

≤0.0001

0.3789 ns

≤0.0001

≤0.0001

0.5350 ns 0.1037 ns 0.1995 ns

0.0003
0.0348

APPENDIX 2
Table A. ANOVA table for 2018-2019 (Y1) and 2019-2020 (Y2) growing season of agronomic and baking quality characteristics.
Values were considered significant at the alpha ≤0.05 level.

Source of Variance

Plant Height (cm)

Yield (kg/ ha)

TKW † (g)

Protein Content %

SRC ‡ %

SV ¥ (mL)

p-Value

p-Value

p-Value

p-Value

p-Value

p-Value

DF

Year

Y1

Y2

Y1

Y2

Y1

Y2

Y1

Y2

Y1

Y2

Y1

Y2

N Rate

2

≤0.0001

≤0.0001

0.091 ns

≤0.0001

0.5517ns

0.2773ns

≤0.0001

≤0.0001

0.3884ns

≤0.0001

0.0011

0.0025

System

1

≤0.0001

≤0.0001

0.062 ns

0.0169

0.0341

≤0.0001

≤0.0001

≤0.0001

0.0075

≤0.0001

≤0.0001

0.3601 ns

Spray

2

0.0086

0.0200

0.0005

0.1861 ns

0.1251 ns

0.0046

0.0918 ns

0.4700 ns

0.7804 ns

0.2298 ns

0.0083

0.8719 ns

N Rate * System

2

0.0001

0.0004

0.3075 ns

0.0104

0.3553 ns

0.2773 ns

0.0020

0.6873 ns

0.4763 ns

0.1315 ns

0.3856 ns

0.6164 ns

N Rate * Spray

4

0.1805 ns

0.2280 ns

0.1889 ns

0.5652 ns

0.2959 ns

0.0751 ns

0.9026 ns

0.6873 ns

0.6846 ns

0.6366 ns

0.1390 ns

0.5489 ns

System * Spray

2

0.0371

0.0790 ns

≤0.0001

0.2945 ns

0.7664 ns

0.3676 ns

0.1331 ns

0.1020 ns

0.8700 ns

0.0942 ns

0.2319 ns

0.2150 ns

N Rate * System*Spray

4

0.5180ns

0.5820ns

0.4102 ns

0.4670 ns

0.7697 ns

0.3231 ns

0.4419 ns

0.4388 ns

0.7187 ns

0.5988 ns

0.8026 ns

0.2968 ns

†

TKW—Thousand kernel weight. ‡ SRC—Solvent retention capacity. ¥ SV—Sedimentation value
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